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MISSION 


The  International  Wire  and  Cable  Symposium  provides  a  forum  for  the  exchange  of  technical  in¬ 
formation  amongst  suppliers,  manufacturers,  and  users  on  technological  advancements  in 
materials,  processes,  and  products  used  for  voice,  data  and  video  signal  transmission  systems. 
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Copper  Cable  Design  II 

PAPERS 

The  papers  in  this  volume  were  printed  directly  from  unedited  reproducible  copies  prepared  by  the 
authors.  Responsibility  for  contents  rests  upon  the  authors  and  not  the  symposium  committee  or  its 
members.  After  the  syposium,  all  the  publication  rights  of  each  paper  are  reserved  by  their  authors,  and  re¬ 
quests  for  republication  of  a  paper  should  be  addressed  to  the  appropriate  author.  Abstracting  is  permit¬ 
ted,  and  it  would  be  appreciated  if  the  symposium  is  credited  when  abstracts  or  papers  are  republished. 
Requests  for  individual  copies  of  papers  should  be  addressed  to  the  authors. 
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Message  from  the  Director 


The  sponsor,  u.S.  Army  Communications-Electronics  Command  (CECOM), 
Fort  Mo  ..  juth.  New  Jersey  and  the  symposium  committee,  welcomes  each 
contributor  and  attendee  to  the  36th  International  Wire  and  Cable 
Symposium  (IWC3).  The  symposium  continues  to  attract  a  large  segment 
of  the  wire  and  cable  community  worldwide.  Foreign  participation  in 
the  presentation  of  technical  papers  and  overall  attendance  continues 
to  be  outstanding. 

The  committee  is  extremely  excited  over  this  years  technical 
program.  The  tutorial  on  "Future  Network  Architecture"  and  the  106 
additional  excellent  papers  scheduled  for  presentation  represent  the 
largest  and  most  extensive  program  to  date.  The  special  sessions  on 
Superconductivity,  Combustion  Toxicology  and  Materials,  in  addition  to 
the  Poster  Session  which  represents  a  new  innovation  by  the  committee, 
should  provide  the  interest  and  enthusiasm  for  a  successful  symposium. 
Furthermore,  it  is  hoped  that  the  excellent  facilities  and  convenient 
location  of  the  Crystal  Gateway  Marriott  Hotel  will  provide  all 
attendees  with  the  comfort  and  conveniences  essential  for  an  enjoyable 
meeting. 

I  wish  to  express  my  appreciation  to  all  committee  members  for 
their  dedication  and  support  in  planning  and  organizing  the  activities 
for  the  symposium,  especially  the  technical  program  which  is  consid¬ 
ered  outstanding.  On  behalf  of  the  committee,  I  take  this  opportunity 
to  express  their  appreciation  to  all  members  of  the  wire  and  cable 
industry  for  their  support  and  contributions.  The  future  success  of 
the  symposium  and  the  mutually  beneficial  rewards  derived  there  from, 
depends  on  the  continued  support  of  the  industrial  companies  and 
governmental  agencies  that  participates  each  year. 

The  1988  symposium  (37th)  will  return  to  the  Bally's  Grand  Hotel 
in  Reno,  Nevada  and  the  1989  symposium  (38th)  will  be  at  the  Hyatt 
Regency  in  Atlanta,  Georgia. 


£lmer  F.  Godwin 
Director,  IWCS 
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Highlights  of  the  35th 
International  Wire  and  Cable  Symposium 
November  18, 19,  and  20, 1986 
Bally’s  MGM  Grand  Hotel,  Reno,  Nevada 


Greetings  by  Mr.  Theodore  A.  Pfeiffer,  Technical  Director,  U.S. 
Army  Communications-Electronics  Command,  Fort  Mon¬ 
mouth,  New  Jersey. 


Luncheon  Guest  Speaker— Mr.  R.  I.  Epifani,  Director  of 
Marketing  and  External  Affairs,  Nevada  Bell. 


Panel  Members— Tutorial  Session:  (left  to  right)  Mr.  Joseph  F. 
Urich,  Bell  Communications  Research  (Bellcore),  Morristown, 
New  Jersey;  Mr.  Stephen  P.  Welsh,  Contel  Laboratories,  Nor- 
cross,  Georgia;  Mr.  Thomas  J.  Herr,  AT&T  Network  Systems, 
Morristown,  New  Jersey;  Mr.  Dean  C.  Swanson,  Standard 
Telephone  Company,  Cornelia,  Georgia. 


Committee  Member  Vieney  Mascarenhas  (left),  Canada  Wire  & 
Cable  presenting  the  award  for  outstanding  technical  paper  to 
Mr.  John  W.  Kincaid,  Belden  Technical  Research  Center, 


Committee  Member  Vieney  Mascarenhas  (right),  Canada  Wire 
&  Cable  presenting  the  award  for  best  technical  presentation 
to  Mr.  Stephen  Hornung,  British  Telephone  Research 
Laboratories. 


COL  Merton  Chun  (left),  Deputy  Director  of  Center  for  Com¬ 
mand.  Control  and  Communication  (C3)  Systems,  Fort  Mon¬ 
mouth,  New  Jersey  presenting  a  Retirement  Certificate  to 
Committee  Member  Kazuo  Nomura,  Sumitomo  Electric,  USA 
Inc. 


Committee  Member  Frank  Short  (right),  Consultant  presenting 
Retirement  Certificate  to  Advisory  Committee  Member  Joe 
Neigh,  AMP,  Inc.  With  Joe  is  his  wife,  Dee. 
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AWARDS 


Outstanding  Technical  Paper 

H.  Lubars  and  J.  A.  Olszewski,  General  Cable  Corp. —  1968 

"Analysis  of  Structural  Return  Loss  in  CATV 
Coaxial  Cable” 

J.  P.  McCann,  R.  Sabia  and  B.  Wargotz,  Bell  Labo-  1969 
ratories— "Characterization  of  Filler  and  Insulation 
in  Waterproof  Cable" 

D.  E.  Setzer  and  A.  S.  Windeler,  Bell  Laboratories—  1970 

'A  Low  Capacitance  Cable  for  the  T2  Digital  Trans¬ 
mission  Line" 

R  Lyenger,  R.  McClean  and  T.  McManus,  Bell  1971 

Northern  Research — “An  Advanced  Multi-Unit  Co¬ 
axial  Cable  for  Toll  PCM  Systems" 

J.  B.  Howard,  Bell  Laboratories  — “Stabilization  1972 

Problems  with  Low  Density  Polyethylene  Insulations" 

Dr.  H.  Margin,  Kabelmetal— "High  Power  Radio  Fre-  1973 
quency  Coaxial  Cables,  Their  Design  and  Rating" 

D.  Doty,  AMP  Inc.— “Mass  Wire  Insulation  Displacing  1974 

Termination  of  Flat  Cable” 

T.  S.  Choo,  Dow  Chemical  U  S  A  — “Corrosion  Studies  1975 

on  Shielding  Materials  for  Underground  Telephone 
Cables" 

N.  J.  Cogelia,  Bell  Telephone  Laboratories  and  G.  K.  1976 

Lavoie  and  J.  F.  Glahn,  US  Department  of  Interior — 

' 'Rodent  Biting  Pressure  and  Chemical  Action 
and  Their  Effects  on  Wire  and  Cable  Sheath" 

Thomas  K.  McManus,  Northern  Telecom  Canada  Ltd  1977 

and  R.  Beveridge,  Saskatchewan  Telecommunications, 

Canada— “A  New  Generation  of  Filled  Core  Cable" 

Fumio  Suzuki,  Shizuyoshi  Sato,  Akinori  Mori  and  1978 

Yoichi  Suzuki;  Sumitomo  Electric  Industries,  Ltd., 

Japan— "Microcoaxial  Cables  Insulated  with  Highly 
Expanded  Polyethylene  By  Chemical  Blowing  Method" 

S.  Masaki,  Y.  Yamazaki  and  T.  Ideguchi,  Nippon  1979 

Telegraph  and  Telephone  Public  Corporation,  Japan- 
New  Aluminum  Sheath  Cable  Used  for  Electro¬ 
magnetic  Shielding" 

P  Kish  and  Y.  BeBorgne,  Northern  Telecom  Canada  1980 
Limited,  Montreal,  Canada  — ‘‘General  Crosstalk 
Model  For  Paired  Communication  Cables" 

C.  J  Arroyo,  N.  J.  Cogelia,  Bell  Laboratories,  and  8.  J.  1981 

Darsey,  Western  Electric  — “Thermal  Behavior  of 
Experimental  Plenum  Cable  Sheaths  Determined  in  a  Ra¬ 
diant  Heat  Chamber” 

R.  H.  Whiteley,  Raychem  Ltd.  — “A  Comprehensive  1982 

Small  Scale  Smoke  Test" 

V  A.  Fentress,  Raychem  Corp.  and  D-  V.  Nelson,  Stan-  1983 
ford  University— “Fracture  Mechanics  Evaluation  of 
the  Static  Fatigue  Life  of  Optical  Fibers  in  Bending" 

M.  Fujise  and  Y.  Iwamoto,  KDD  Research  &  1984 

Development  Laboratories,  1-23  Nakameguro,  2-Chrome, 

Meguro-Ku,  Tokyo,  Japan— “Self-Core-Alignment  Arc- 
Fusion  Splicer  Based  on  a  Simple  Local  Monitoring 
Method" 

James  A.  Krabec  and  John  W.  Kincaid,  Jr.,  Belden  1985 

Technical  Research  Center — “Advances  in  the 
Optimization  of  Multi-Layer  Shield  Design” 

Simon  D.  Dadakarides  and  Bruce  B.  Lusignam,  1986 

Stanford  University— "Magnetically  Loaded  Cables” 


Best  Presentation 

N.  Dean,  B.I.C.C.  —  "The  Development  of  Fully  Filled 
Cables  for  Distribution  Network" 

J.  D.  Kirk,  Alberta  Government  Telephones  — 
"Progress  and  Pitfalls  of  Rural  Buried  Cable" 

Dr.  0.  Leuchs,  Kable  and  Metalwerke— "A  New  Self- 
Extinguishing  Hydrogen  Chloride  Binding  PVC 
Jacketing  Compound  for  Cables" 

S.  Nordblad,  Telefonaktiebolaget  L.  M.  Ericsson— 
"Multi-Paired  Cable  of  Nonlayer  Design  for  Low 
Capacitance  Unbalance  Telecommunications  Network 
N.  Kojima,  Nippon  Telegraph  and  Telephone— "New 
Type  Paired  Cable  for  High  Speed  PCM  Transmission" 
S.  Kaufman,  Bell  Laboratories— "Reclamation  of 
Water-Logged  Buried  PIC  Telephone  Cable" 

R.  J.  Oakley,  Northern  Electric  Co.,  Ltd  — "A  Study 
Into  Paired  Cable  Crosstalk” 

G.  H.  Webster,  Bell  Laboratories— "Material  Savings 
by  Design  in  Exchange  and  Trunk  Telephone  Cable" 

J  E  Wimsey.  United  States  Air  Force— “The  3are 
Base  Electrical  Systems" 

Michael  DeLucia.  Naval  Ship  Research  and  Devel¬ 
opment—  Highly  Fire-Retardant  Navy  Shipboard 
Cable” 

William  L.  Schmacher,  AMP  Inc.  — "Design  Considera¬ 
tions  for  Single  Fiber  Connector" 

Richard  C.  Mondello.  Bell  Labs.  — "Design  and 
Manufacture  of  an  Experimental  Lightguide  Cable 
For  Undersea  Transmission  Systems" 

I.  Wadehra,  IBM  Corporation— “Performance  of  Poly¬ 
vinyl  Chloride  Communication  Cables  in  Modified 
Steiner  Tunnel  Test" 

J.  J.  Refi,  Bell  Laboratories— "Mean  Power  Sum  Far- 
End  Crosstalk  of  PIC  Cables  as  a  Function  of  Average 
Twist  Helix  Angle" 

G.  S.  Anderson,  Belden  Corporation  — “Installation 
of  Fiber  Optic  Cable  on  457  Meter  Tower" 


A.  Yoshizawa,  The  Furukawa  Electric  Co.,  Ltd.— 
"Structure  and  Characteristics  of  Cables  for  Robots” 

J.  R.  Bury,  Standard  Telecommunication  Laboratories, 
Ltd.,  Hailow,  England  — "Development  of  Flame 
Retardant,  Low  Aggressivity  Cables” 

William  E.  Dennis,  Dow  Corning  Corporation,  Midland, 
Michigan  — "Hydrogen  Evolving  Tendencies  of  Cable 
Fillers  and  Optical  Fiber  Coatings" 


Stephen  Hornung,  British  Telecom  Research 
Laboratories  — "Manufacture  and  Performance  of 
Fibre  Units  for  Installation  by  The  Viscous  Drag  of  Air" 
Dave  Fischer,  Superior  Cable  Corp.  — "Progress 
Towards  the  Development  of  Lightning  Test  ^Telecom¬ 
munication  Cables" 

John  C.  Chamberlain,  Siecor  Corp.  — "Zero  Halogen  Fire 
Retardant  Fiber  Optic  Shipboard  Cable" 
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and  P  D.  Patel,  AT&T  Bell  Laboratories,  Nor- 
cross,  GA  344 

Dry  Type  Water-Blocking  Optical  Fiber-Tape 
Cable  With  Slotted  Rod — M  Fukuma,  N. 
Akasaka  and  S  Suzuki,  Sumitomo  Electric  In¬ 
dustries.  Ltd  .  Yokohama.  Japan  350 

A  New  Nonmetallic  and  Waterproof  Optical 
Fiber  Cable  with  Absorbent  Polymer  Rib¬ 
bon — S  Kukita.  T  Nakai.  A  Hayashi  and  H. 

Koga.  NTT  Electrical  Communications 
Laboratories,  Ibaraki-ken.  Japan  357 


Grand  Ballroom.  Salons  F,  G.  H  and  J 

SESSION  XII  OPTICAL  SPLICES  AND 
CONNECTORS ’ 

Chairperson  Keiji  Tachikawa.  Nippon  Telegraph 
and  Telephone  Corp 

A  Study  of  Multi  Channel  Optical  Rotary  Joint 
with  Ring-Shaped  Photo  Diode — K  Nemoto 
and  M  Inoue.  Ocean  Cable  Company,  Ltd  . 
Research  &  Development  Division.  Yokohama, 

Japan  372 

Design  and  Performance  of  the  New  Single- 
Mode  Fiber  Connector  with  MP  Ferrule  in  the 
Subscriber  Network — K  Kashihara .  T  Kakii.  S 
Suzuki  and  M  Fukuma,  Sumitomo  Electric  in¬ 
dustries.  Ltd  .  Yokohama,  Japan  379 

Single-Mode  Optical  Fiber  Ribbon  Splicer— Y 
Kato  and  A  Ishikura,  NTT  Electrical  Com¬ 
munications  Laboratories.  Ibaraki-ken,  Japan. 

T  Sano  and  S  Takashima,  Engineering  Dept  . 

Nippon  Telegraph  and  Telephone  Corporation, 

Tokyo.  Japan  386 

Study  on  Arc-Fusion  Splicing  Ge-Doped  Silica 
Single-Mode  Fibers  Manufactured  by  Outside 
and  Inside  Vapor  Deposition  Processes— M 
Flopiavuori  and  J  E  Matthews  III,  Corning 
Glass  Works.  Corning,  NY ;  A  DeVito,  BellSouth 
Services,  Birmingham,  AL  392 


WEDNESDAY,  NOVEMBER  18, 1987  -4:00  PM-6.00  PM 
Arlington  Ballroom,  Salon  III  and  IV 

SESSION  XIII:  SUPERCONDUCTIVITY  AND  THE 
TELEPHONE  NETWORK 

Chairperson:  Leo  Chattier,  DCM  Industries,  Inc. 

What  is  Superconductivity?  Fundamentals  and 
State  of  the  Art— P.  H.  Hor,  University  of 
Houston,  Department  of  Physics,  Houston,  TX  399 

Processing  of  Superconductive  Materials  and 
High  Frequency — J.  L.  Smith,  Los  Alamos 
Laboratories,  Los  Alamos,  NM  402 

High-Tc  Superconducting  Wire  Fabrication  and 
Testing— D.  W.  Capone  II,  J.  T.  Dusek  and  K.  C. 
Goretta,  Argon  ne  National  Laboratory, 

Argonne,  IL .  404 

Transmission  Parameters  on  Superconductive 
Communication  Cables — P.  Kish,  Northern 
Telecom  Canada  Limited,  Montreal,  Canada  410 


THURSDAY,  NOVEMBER  19, 1987—8:30  AM-1 2:00  Noon 
Arlington  Ballroom,  Salon  III 

SESSION  XIV:  AERIAL  FIBER  OPTIC  CABLES  ' 
Chairperson:  Frank  Short,  Consultant 

Figure-8  Fiber  Optic  Cable — P.  S.  Keith.  E.  L. 
Buckland  and  S.  K  Hovis,  Sumitomo  Electric 
Fiber  Optics  Corporation,  Research  Triangle 
Park  NC  419 

Practical  Experience  with  the  Metal-Free  Self- 
Supporting  Aerial  Optical  Fibre  Cable  in  High 
Voltage  Networks — A.  7.  M.  Grooten,  E.  J. 
Bresser  and  A  G  W  M  Berkers,  NKF  Kabel  B 
V  ,  Telecommunication  Cable  Systems,  AB 
Waddinxveen.  The  Netherlands  426 

Pre-Stranded  Self-Supporting  Aerial  Cable 
Design — D.  Wong  and  S.  Lyons,  Siecor  Cor¬ 
poration,  Hickory.  NC  438 

Withstanding  High-Voltage  Characteristics  of 
Non-Metal'ic  Self-Supporting  Optical 
Cable— H  lakehara,  Y.  Ishihata  and  K.  Saito, 
Tohoku  Electric  Power  Co.,  Inc..  Sendai.  Japan; 

K  Nukura  and  H.  Horima,  Sumitomo  Electric 
Industries,  Ltd.,  Yokohama,  Japan;  A. 
Kurosawa,  T.  Takeda  and  T.  Ohmori,  Kitamhon 
Electric  Wire  Co  ,  Ltd  ,  Sendai.  Japan  441 

The  Development  of  a  Metal-Free,  Self- 
Supporting  Optical  Cable  for  Use  on  Long 
Span.  High  Voltage  Overhead  Power  Lines — S 
Rowland,  STC  Technology,  Essex,  England:  D 
Deime  Jones.  I  Houghton  and  K.  Craddock. 

STC  Telecommunications,  Newport.  Gwent, 

South  Wales:  and  C.  N.  Carter,  Central  Elec¬ 
tricity  Research  Laboratories,  Surrey.  England  449 


xviii 


Development  of  Optical  Ground  Wire  for  1 .55 
/im  Wavelength — B.  Lin,  Y.  Kitayama  and  Y. 
Masuda,  Sumitomo  Electric  Industries,  Ltd., 


Yokohama,  Japan  457 

Optical  Fiber  Ground  Wire — G.  Bianchi  and  D. 

Rota,  Societa  Cavi  Pirelli,  Milan,  Italy  and  M. 
Rohman,  Pirelli  Cable  Corp.,  Lexington,  SC  464 


0 rand  Ballroom,  Salons  F,  Q,  H  and  J 

SESSION  XV:  COPPER  CABLE  DESIGN  I  ' 

Chairperson:  Robert  Streich,  AT&T  Network 
Systems 

A  Global  Test  Method  for  Long  Term  Stability  of 
Solid  and  Foam  Skin  Insulation — L.  E.  Davis, 
Superior  Cable  Corporation,  Atlanta,  GA  475 

High  Speed  Coaxial  Cables  for  Electronic  Com¬ 
puters — K.  Sakamoto,  S.  Yamamoto,  T.  Kato, 

K  Negishi  and  K.  Akimoto,  The  Furukawa  Elec¬ 
tric  Co.,  Ltd.,  Chiba,  Japan  483 

A  Compact  Cable  for  within  Building  1 .544  Mb/s 
Digital  Transmission — M.  L  Fuller,  AT&T  Bell 
Laboratories,  Norcross,  GA  492 

High  Speed  Miniature  Coaxial  Ribbon  Cable 
(Rectangular  Jacket  Type)— K.  Kadoya,  K. 
Tanaka,  A.  Mori,  T.  Komura  and  T.  Abe, 
Sumitomo  Electric  Industries,  Ltd.,  Tochigi-ken, 


Japan  499 

Error  Correction  of  Characteristic  Impedance 
Measurement  of  Twisted  Pair  Cables — R.  Hoff¬ 
man  and  E.  Stremme,  Philips  Kommunikations 
Industrie  AG,  Koln,  West  Germany  504 

Ultrafine  Coaxial  Cable  for  High-Speed 
Transmission — K.  Yokoi,  S.  Satoh  and  A.  Mori, 
Sumitomo  Electric  Industries,  Ltd.,  Tochigi-ken, 

Japan  509 


Crosstalk  and  Shield  Performance  Specifica¬ 
tions  for  Aluminum  Foil  Shielded  Twisted  Pair 
Cable  (MIL-C-49285) — J.  A.  Krabec,  Belden 
Wire  &  Cable,  Technical  Research  Center, 
Geneva,  I L  517 


Arlington  Ballroom,  Salon  IV 

SESSION  XVI  .  FIBER  OPTIC  INSTALLATIONS  AND 
SYSTEMS  • 

Chairperson:  Reiner  J.  Gerdes,  Contel  Laboratories 

Operating  History  of  Lightwave  Systems  in  the 
REA  Telephone  Program — W.  O.  Grant,  TB, 

TSD,  REA,  US  Department  of  Agriculture, 
Washington,  D  C.  526 


Fiber  Optic  Subscripter  Networks  Using  85/125 
Fibers— J.  P.  Boinet  and  M.  de  Vecchis,  Les 
Cables  DeLyon,  Clichy  Cedex,  France;  J.  P. 
Bonicel,  Les  Cables  DeLyon,  Lyon  Cedex 
France;  and  J.  P.  Bregeon,  Direction  Generate 
Des  Telecommunications,  Montpellier,  France  534 
Provision  of  Wideband  Optical  Fibre  Cable  Net¬ 
works  for  Central  Business  Districts — L. 
deValle,  W.  I.  Harry  and  M.  McKiterick, 
Telecom  Australia,  Melbourne,  Australia  540 

Production  and  Installation  of  Single-Mode  Op¬ 
tical  Cable  on  a  39  Km  Route  Without 
Repeaters  Under  EMI  Conditions  at  Mexico  Ci¬ 
ty  Area — G.  Chavez  Diaz,  J.  C.  Salazar  Cerda 
and  E.  Goddard  Moore,  Condumex,  San  Juan 
Del  Rio,  Qro.,  Mexico  546 

Procedure  for  the  Experimental  Determination 
of  Friction  Coefficient  Between  a  Cable  and 
Duct — H.  M.  Kemp,  AT&T  Bell  Laboratories, 
Whippany,  NJ  557 

Development  of  the  Pipe  Camera  for 
Telephone  Cable  Installation  and  Piping 
Maintenance — M.  Nakano,  Y.  Kajio  and  H. 

Hino ,  Nippon  Telegraph  and  Telephone  Cor¬ 
poration,  Ibaraki,  Japan;  T.  Shimizu  and  M. 
Wakagi ,  The  Furukawa  Electric  Co,  Ltd., 

Tokyo,  Japan  564 

Fiber/Metallic  Distribution  Plant  Concept — F.  J. 

Mullin,  W  C.  Reed  and  C.  Scholly,  AT&T  Bell 
Laboratories,  Norcross,  GA  567 


Grand  Ballroom,  Salons  B,  C,  D  and  E 

SESSION  XVII:  TOPICAL  SEMINAR-MATERIALS 

Chairperson:  Thomas  Jones,  Wyrough  &  Loser,  Inc 

Methods  of  Differentiating  Among  PTFE  Fine 
Powder  Resins — J.  J .  Bednarczyk  and  P.  M. 

Mehta,  E.  I.  Du  Pont  Company,  Wilmington,  DE  575 
Characterization  of  Polyolefin  Materials  Used 
as  Telecommunication  Cable  Jackets  Based  on 
Their  Toughness  Related  Properties — V.  B. 
Mascarenhas  and  W.  H.  Englehart,  Insulated 
Cable  Engineers  Association,  South  Yarmouth, 

MA  581 

Reduced  Emissions  Plenum  Cable  Telephone 
Jacket  Compounds — M.  J.  Keogh,  Union  Car¬ 
bide  Corp.,  Somerset,  NJ  592 

Reduction  of  Fire  Hazards  Due  to  the  Cables 
Fitted  to  Warships — J.  A.  Pownall,  Ministry  of 
Defence,  United  Kingdom  598 
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THURSDAY,  NOVEMBER  19,  1987-1:30  PM-4:30  PM 
Arlington  Ballroom,  Salon  III 

-  SESSION  XVIII:  CHARACTERISTICS  OF  OPTICAL 
FIBER  ' 

Chairperson:  Peter  R.  Bark,  Siecor  Corporation 

Optical  Fibers  Irradiated  with  3800  Rads  X-  or 
Gamma-Rays  Show  Large  Attenuation  Dif¬ 
ferences — B.  H.  W.  S.  de  Jong,  Corning  Glass 


Works,  Corning,  NY .  604 

Radiation  Resistant  Optical  Gl  Cables — A.  lino, 

M.  Niijima,  H.  Hayashi,  S.  Sentsui  and  H. 
Yoshino,  The  Furukawa  Electric  Co.,  Ltd., 

Chiba  Research  Laboratory,  Chiba-ken,  Japan  61 1 


Evaluation  of  Hydrogen  Generation  From  Op¬ 
tical  Fiber  Cable — I.  M.  Plitz  and  P.  C.  Warren, 

Bell  Communications  Research,  Red  Bank,  NJ  616 
Modal  Noise  Due  to  Second  Mode  Interference 
in  Singlemode  Fiber  Systems — M.  J.  Brand- 
tner,  D.  W.  Schicketanz  and  C.  K.  Eoll,  Siecor 
Corporation,  Hickory,  NC  622 

Loss  Spread  in  Single-Mode  Fibers  Due  to  Oh- 
lon  Concentration  and  Transmitter-Wavelength 
Fluctuations — R.  Diaz  de  la  Iglesia,  D.  J.  Lao 
Soriano,  E.  Tobias  Azpitarte  and  J.  Rueda 
Garcia,  Telefonica — P.  T.  (Sistemas),  Madrid, 

Spain  629 

A  Novel  Evaluation  Technique  and  Refractive 
Index  Profile  Control  in  the  VAD  Method — S. 

Okubo,  S.  Asari.  and  W.  Nakagawa,  Tatsuta 
Electric  Wire  &  Cable  Co.,  Ltd.,  Osaka,  Japan  640 


Arlington  Ballroom,  Salon  IV 

SESSION  XIX:  FIBER  OPTIC  CABLE  DESIGN  II 

Chairperson:  Irving  Kolodny,  Consultant- 
Telecommunications 

Fiber/Metallic  Service  and  Distribution 
Media — E.  R.  Campbell,  W.  C.  Reed  and  F.  J. 

Mullin,  AT&T  Bell  Laboratories,  Norcross,  GA  645 
A  Study  on  the  Design  of  Composite  Cable  Con¬ 
taining  Optical  Fiber  and  Multi  Pairs — S. 
Hisano,  S.  Shimada,  Y.  Tokumaru  and  Y. 
Amano,  Sumitomo  Electric  Industries,  Ltd  , 
Yokohama,  Japan  651 

Designing  Compression  Resistance  in  Loose 
Tube  Cables — P.  E.  Neveux,  Jr.  and  W.  H  Hat¬ 
ton,  Sumitomo  Electric  Fiber  Optic  Corpora¬ 
tion,  Research  Triangle  Park,  NC  656 

An  Analysis  of  Loose  Tube  Cable  Design 
Theory,  Compatible  with  Physical  Measure¬ 
ment — /.  Houghton,  A.  Summers  and  S.  R. 
Barnes,  STC  Telecommunications,  Newport, 

Gwent,  United  Kingdom  662 


Performance  Characteristics  of  Enhanced  Buf¬ 
fer  Tube  Cable— R.  J.  Williams  and  J.  Rowe, 
Northern  Telecom,  Saskatchewan,  Canada;  M. 
Plouffe,  Bell  Canada,  Montreal,  Canada  and  B. 

Hurtig,  Bell  Canada,  Toronto,  Canada  667 

Grand  Ballroom,  Salons  F,  G,  H  and  J 

SESSION  XX:  CLOSURES  AND  ENCAPSULATES 

Chairperson:  Edward  A.  Gur  'ey,  GTE  Service 
Corporation 

A  Novel  Non-Polyurethane  Re-enterable  En- 
capsulant  Compatible  with  Both  Filled  Cable 
and  Polycarbonate  Connectors — T.  S.  Croft,  H. 

A.  Haugen,  S.  P.  Hays,  T.  I.  Chen  and  G.  J. 
Swampillai,  TelComm  Products  Division 

Laboratory/3M,  Austin,  Texas .  676 

A  Novel  Adhesive  Closure  System  for  Heat 
Recoverable  Sleeves — L.  P.  Beltz,  T.  J.  Bonk, 

T.  I.  Chen,  P.  M.  Olson,  J.  I.  Zeller-Pendrey  and 
D.  E.  Weiss,  TelComm  Products  Division 
Laboratory/3M,  Austin,  Texas  685 

The  Highly  Reliable  Mechanical  Splice 
Closure — S.  Ota,  S.  Tachigami,  H.  Miyazawa 
and  E.  Tanabe,  The  Furukawa  Electric  Co., 

Ltd.,  Chiba-ken,  Japan  693 

New  Universal  Splice  Closure  System— D. 

Kunze,  E.  Bachel  and  J.  Rost,  Siemens  AG, 

West  Germany;  L.  Mendat,  AMP  Netcon,  Valley 
Force,  PA;  G.  Boscher,  RXS  Schrumpftechnik- 
Garnituren  GmbH,  West  Germany  699 

Grand  Ballroom,  Salons  B,  C,  D  and  E 

SESSION  XXI:  COPPER  CABLE  DESIGN  II 

Chairperson:  Leo  Chattier,  DCM  Industries,  Inc. 

Voltage  Gradient  Considerations  in  Com¬ 
munication  Cables— J.  W.  Levengood,  AT&T 
Technologies,  Inc.,  Norcross,  GA  705 

Comparison  of  One  Second  and  Three  Second 
Dielectric  Withstand  Test — J.  A.  Isley,  AT&T 
Technologies,  Inc  ,  Omaha,  Nebraska  712 

Digital  Transmission  on  Customer  Premises 
Wiring — S.  B,  Pierce,  Contel  Laboratories.  Nor¬ 
cross,  GA  716 

Geometric  Calculation  of  Longitudinal  Wrap¬ 
ping  Tooling  Used  in  Telecommunication  Cable 
Manufacture— Yuan  Zhang,  Chengdu  Cable 
Plant,  Sichuan,  People's  Republic  of  China  723 

Evaluation  of  Materials  for  Improved  Life  Ex¬ 
pectancy  of  Foam  Skin  Insulation— G.  D 
Brown,  Union  Carbide  Corporation,  Bound 
Brook,  NJ;  L.  E.  Davis,  Superior  Cable  Corp  . 
Atlanta,  GA  734 

Active  Transceiver  Cable  for  Local  Area  Net¬ 
works—  H.  Yokosuka,  Y.  Kobayashi,  K.  Aral,  O 
Watanabe  and  K.  Karai,  Fujikura  Ltd  ,  Telecom¬ 
munication  Cable  R&D  Dept.,  Chiba-ken,  Japan  744 
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TUTORIAL  PANEL 

Future  Network  Architecture 


PANELISTS 


MICHAEL  L.  8ANDLER 


Mr.  Michael  L.  Bandler  is  Vice 
President-Network  Engineering  &  Planning 
for  Pacific  Bell. 

Mr.  Bandler  began  his  Bell  System 
career  with  the  New  York  Telephone  Company 
in  1961,  as  an  Engineering  Assistant.  In 
1971  he  became  a  District  Traffic  Super¬ 
visor  and  in  1973  a  Division  Network 
Manager.  Two  years  later  he  was  appointed 
Chief  Engineer  for  New  York  City.  The 
next  year  he  was  named  Assistant  Vice 
President  in  Marketing.  In  1981,  he 
transferred  to  AT&T,  Basking  Ridge,  as  a 
Director  in  Marketing  and  then  assumed  his 
present  position  with  Pacific  Bell  in 
1982. 

Mr.  Bandler  received  a  B.E.E.  degree 
from  Cornell  University  in  1960  and  his 
MBA  from  New  York  University  in  1968.  He 
is  past  President  of  the  Cornell  Society 
of  Engineers  and  is  currently  President  of 
the  California  Engineering  Foundation. 

A  partial  listing  of  his  other 
present  affiliations  include:  Cornell 
Council,  Cornell  Engineering  Council, 
Board  and  Executive  Committee  of  the 
exchange  Carriers  Standards  Association, 
President's  Council  of  Cal  Poly,  Engin¬ 
eering  Board  of  Visitors  U.C.  Davis  and 
President  of  the  Board  of  Directors  San 
Francisco  Bay  Area  Science  Fair.  In  addi¬ 
tion  to  being  a  tournament  bridge  player, 
he  is  an  avid  runner,  with  many  Boston  and 
New  York  marathons  in  his  background. 


CLARK  W.  BARLOW 

Mr.  Clark  W.  Barlow  was  named  Vice 
President-Operations  Support  for  the  GTE 
Telephone  Operating  Group  in  March  1987. 
Mr.  Barlow  was  formerly  Vice  President- 
Customer  Service  for  General  Telephone 
Company  of  the  Southwest  in  San  Angelo, 
Texas. 

In  his  new  position,  Mr.  Barlow  is 
responsible  for  the  existing  network  and 
service  groups  along  with  evaluation  and 
support  functions  within  telephone  opera¬ 
tions. 

He  began  his  career  with  General 
Telephone  Company  of  Florida  in  1956. 
After  serving  in  various  management  func¬ 
tions,  he  was  named  Director-Toll  Opera¬ 
tions  in  1975,  General  Manager-Switching 
Services  in  1977  and  Vice  President- 
Service  in  1978.  In  June  1984,  he  was 
named  to  his  most  recent  position  with  the 
Southwest  company. 
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GARY  J.  HANDLER 


WILLIAM  J.  NOLL 


Mr.  Gary  J.  Handler  is  Vice  President 
of  Network  Planning  at  Bell  Communications 
Research,  Livingston,  NJ.  He  is  responsi¬ 
ble  for  conceiving,  defining,  developing 
and  implementing  technical  plans  for  prof¬ 
itable  Network  of  the  90's  for  the  Bell 
Operating  Companies.  His  responsibilities 
range  from  developing  an  infrastructure  of 
research,  analyses,  planning  guidelines, 
and  standards  for  Bellcore  clients  to 
build  and  deploy  leading  edge  technology 
in  a  cost  effective  manner,  to  providing 
vertically  integrated  support  to  Bellcore 
clients  from  initial  design  to  implementa¬ 
tion  of  new  profitable  network  architec¬ 
tures  and  services. 

Mr.  Handler  started  with  Bell 
Telephone  Laboratories  in  1965  in  Local 
Switching  Systems  Engineering.  In  1970  he 
was  promoted  to  Technical  Supervisor  and 
worked  on  a  variety  of  traffic,  inventory 
and  economic  modeling  problems.  In  1978 
he  assumed  respons ibi 1 i ty  for  the  first 
implementation  planning  of  new  PBX/CO 
based  private  network  offerings.  In  1980 
he  transferred  to  AT&T  as  Division  Manager 
responsible  for  managing  voice  and  data 
services  implementation  projects.  In  1983 
lie  became  Assistant  Vice  President  of  the 
New  Services  Planning  and  Implementation 
Center  at  Bell  Communications  Research. 
He  assumed  his  current  position  in  1985. 

Mr.  Handler  has  a  BS  in  Electrical 
Engineering  from  Columbia  University,  an 
MS  in  Electrical  Engineering  from  the 
Massachuset ts  Institute  of  Technology,  and 
a  Ph.D.  in  Operations  Research  from  New 
York  University.  His  publications  have 
appeared  in  various  Operations  Research 
magazines,  IEEE  conference  proceedings, 
and  the  ICCC.  He  is  a  member  of  the  ICCC 
Board  of  Governors  and  of  the  University 
of  Illinois,  College  of  Engineering 
Advisory  Board.  He  is  the  Deputy  Chairman 
of  the  Exchange  Telephone  Group  Committee 
of  the  Exchange  Carrier  Standards  Associa¬ 
tion.  He  is  also  a  senior  member  of  the 
IEEE. 


Mr.  William  J.  Noll  of  Ottawa  is 
Vice-President,  Networks  Technology  Divi¬ 
sion,  BNR.  Mr.  Noll  assumed  his  present 
position  on  June  8,  1987.  Prior  to  this 
position,  Mr.  Noll  was  Assistant  Vice- 
President,  Engineering  and  Networks  Tech¬ 
nology,  Bell  Canada. 

Mr.  Noll  joined  Bell  Canada  on  May 
10,  1965  upon  obtaining  an  Electrical 
Technology  diploma  from  Ryerson  Polytech- 
nical  Institute  in  that  same  year. 

In  his  early  career,  Mr.  Noll  worked 
with  the  engineering  family  at  Bell  Canada 
and  has  held  several  positions  in  that 
family  in  Toronto,  Montreal  and  Ottawa. 
He  was  also  on  loan  to  Newfoundland 
Telephone  for  approximately  two  years. 

In  the  late  seventies,  Mr.  Noll  was 
transferred  to  the  Marketing  Department 
and  has  held  several  positions  within  the 
Marketing  family  in  Toronto  and  Ottawa. 

Mr.  Noll  is  a  member  of  the  Associa¬ 
tion  of  Professional  Engineers  of  Ontario 
and  a  member  of  the  IEEE. 
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Gu««t  Speaker 
Or.  C.  Kumar  N.  Patel 
AT&T  Laboratories 
Murray  Hill,  NJ 


C.  KUMAR  N.  PATKL 


Dr.  C .  Kumar  \ .  Patel  is  Executive 
Director,  Research,  Materials  Science, 
Engineering  and  Academic  Affairs  Division 
at  AT&T  Bell  Laboratories,  Murray  Hill, 
■Vew  Jersey.  Ho  joined  Bell  Laboratories 
in  19  6  1  where  he  began  his  career  by 
carrying  out  research  in  the  field  of  gas 
lasers.  He  has  made  numerous  seminal 
contributions  in  several  fields,  including 
gas  lasers,  nonlinear  optics,  molecular 
spectroscopy ,  pollution  detection,  and 
laser  surgery. 

In  1963  he  discovered  the  laser 
action  on  the  v ibrat iona 1-rotat iona 1  tran¬ 
sitions  of  carbon  dioxide.  This  discovery 
and  his  invention  of  efficient  vibrational 
energy  transfer  between  molecules,  in 
1964,  led  to  his  series  of  experiments 
which  demonstrated  that  the  carbon  dioxide 
laser  was  capable  of  very  high  cw  and 
pulsed  power  output  at  very  high  conver¬ 
sion  efficiencies.  The  carbon  dioxide 
lasers  have  now  become  work  horses  in  at 
least  four  major  fields  of  applications  of 
lasers.  These  are:  (1)  Industrial  appli¬ 
cations  which  include  cutting,  drilling, 
and  welding;  (2)  Scientific  applications 
which  include  spectroscopy ,  nonlinear 
optics,  and  optical  pumping  to  create 
newer  lasers  such  as  far  infrared  lasers 
and  x-ray  lasers;  (3)  Medical  applications 
which  include  laser  surgery  in  the  areas 
of  otolaryngology,  gynecology,  tumor 
removal,  and  general  surgery;  and  (4)  Re¬ 
mote  probing  applications  which,  among 
others,  include  pollution  detection, 
ranging  and  Doppler  radar,  as  well  as  a 
multitude  of  military  uses.  No  other 
laser  has  made  a  great  e  r  impact  on  the 
society  than  the  carbon  dioxide  laser. 
His  discovery  of  laser  action  on  vibra- 
t  iona 1- rota t iona l  transitions  of  molecules 
has  directly  led  to  many  other  infrared 
high  power  laser  systems. 


In  1966,  Dr.  Patel  carried  out  the 
first  infrared  nonlinear  optics  experi¬ 
ments  by  discovering  the  second  harmonic 
generation  in  tellurium.  These  pioneering 
studies  created  new  field  of  infrared  non¬ 
linear  optics.  In  1967,  Dr.  Patel  and  his 
colleagues  discovered  an  entirely  new 
mechanism  for  nonlinear  interactions  -  the 
thirl  order  nonlinearities  of  free  elec¬ 
trons.  In  1969,  he  invented  the  spin-flip 
Raman  lasers  which  are  a  class  of  tunable 
infrared  lasers.  This  was  the  first 
tunable  'Raman  laser  in  any  wavelength 
region.  Using  the  tunable  spin-flip  Raman 
lasers  Dr.  Patel  carried  out  very  high 
resolution  spectroscopy  of  both  ground  as 
well  as  v ibrat iona 1 ly  excited  states  of 
molecular  gases.  A  direct  outgrowth  of 
these  studies  is  his  unique  contribution 
to  the  problem  of  pollution  detection.  In 
1970,  he  developed  a  tunable  laser  opto- 
acoustic  measurement  technique  for  detec¬ 
tion  of  extremely  small  concentrations  (1 
part  in  trillion  at  atmospheric  pressure) 
of  pollutant  gases.  The  opto-acoust ic 
detection  technique,  also  some  times 
called  the  photo-acoust ic  technique,  is 
now  a  standard  method  for  measuring  very 
small  absorptions  in  jases.  In  1973,  he 
carried  out  the  first  measurements  of  the 
temporal  variation  of  concentration  of 
nitric  oxide  in  the  stratosphere.  These 
measurements  provided  crucial  data  which 
bear  o.n  the  problem  of  ozone  depletion  by 
man-male  nitrogen  oxide  emission  from 
sources  such  as  the  S  S  T .  Starting  in 
1975,  Dr.  Patel  and  his  colleagues  have 
carried  out  elegant  laser-based  measure¬ 
ments  of  Lamb  Shift  in  heavy  hydrogenic 
atoms;  those  measurements  provide  some  of 
the  most  stringent  tests  of  QKt)  calcula- 
t ions. 

In  the  last  few  years,  Dr.  Patel  has 
invented  and  perfected  an  opto-acoust  ic 
detection  technique  which  has  now  been 
shown  to  be  capable  of  measuring  very 
small  optical  absorptions  in  liquids, 
solids,  thin  films,  and  powders.  Of 
special  interest  is  the  application  of 
this  technique  to  measurements  of  submono¬ 
layers  of  adsorbed  molecules  on  techno¬ 
logically  important  materials  such  as 
silicon.  In  1980,  he  started  opto- 
acoust  ic  spectroscopy  studies  of  cryogenic 
liquids  and  solids.  These  studies  ire 
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providing  crucial  data  of  scientific 
interest  of  understanding  these  materials 
and  for  practical  applications  to  the 
spectroscopic  studies  of  the  atmospheres 
of  outer  giant  planets.  These  studies 
have  now  culminated  in  the  first  observa¬ 
tions  of  high  vibrational  overtone 
absorption  of  molecular  hydrogen  in  solid 
hydrogen . 

Dr.  Patel's  current  research  inter¬ 
ests  include  spectroscopy  of  highly  trans¬ 
parent  liquids  and  solids,  and  surgical 
and  medical  applications  of  carbon  dioxide 
lasers . 

Son  of  a  Civil  Engineer  in  India,  Dr. 
Patel  received  his  B.E.  in  Telecommunica¬ 
tions  from  the  College  of  Engineering  in 
Poona,  India.  He  received  his  M.S.  and 
Ph.D.  in  Electrical  Engineering  from 
Stanford  University  in  195?  and  1961, 
respectively . 

At  Bell  Laboratories  in  1967  he 
became  head  of  the  Infrared  Physics  and 
Electronics  Research  Department  and  in 
1970  he  assumed  the  position  of  the 
Director  of  the  Electronics  Research 
Laboratory.  In  1976  he  became  Director  of 
the  Physical  Research  Laboratory.  In  1981 
he  became  Executive  Director,  Research, 
Physics  and  Academic  Affairs  Division.  He 
assumed  his  present  position  in  1987. 
Since  his  election  in  1979,  he  has  served 
as  a  member  of  the  Board  of  Trustees  of 
the  Aerospace  Corporat ion ,  El  Segundo, 
California.  In  January  1986,  he  was 
elected  to  the  Board  of  Directors  of  the 
Newport  Corporation,  Fountain  Valley, 
Cal i fornia . 

For  his  discovery  of  the  laser  action 
on  the  v i brat iona 1- rota t iona 1  transitions 
of  molecules,  for  his  invention  of  the 


high  power  carbon  dioxide  lasers,  for  his 
nonlinear  optical  studies  leading  to  the 
invention  of  the  spin-flip  Raman  lasers 
and  for  molecular  spectroscopy  and  pollu¬ 
tion  detection  studies,  Dr.  Patel  has 
received  numerous  honors.  These  include 
the  Optical  Society  of  America’s  Adolph 
Lomb  Medal  (1966);  the  Franklin  Insti¬ 
tute’s  Stuart  Ballantine  Medal  (1968); 
Coblentz  Society's  (of  the  American 
Chemical  Society)  Coblentz  Prize  ( i 9  74 ) ; 
the  Association  of  Indians  in  America's 
Honor  Award  (1975);  the  Institute  of 
Electrical  and  Electronic  Engineer's  Lamme 
Medal  (1976);  National  Academy  of  Engin¬ 
eering's  Zworykin  Award  (1976);  Texas 
Instrument  Foundation’s  Founders  Prize 
(1978);  the  Optical  Society  of  America’s 
Townes  Medal  (1982);  the  Society  of 
Applied  Spectroscopy's  N.Y.  Section  Award 
(  1982);  the  Schawlow  Award  of  the  Laser 
Institute  of  America  (1984);  and  the  New 
Jersey  Governor's  Thomas  Alva  Edison 
Science  Award  (1987). 

Dr.  Patel  is  a  member  of  the  National 
Academy  of  Sciences  and  the  National 
Academy  of  Engineering.  He  is  a  Foreign 
Fellow  of  the  Indian  National  Science 
Academy  and  The  Institution  of  Electronics 
and  Telecommunication  Engineers  (INDIA). 
He  is  an  Associate  Fellow  of  the  Third 
World  Academy  of  Sciences.  He  is  a  fellow 
of  the  Institute  of  Electrical  and  Elec¬ 
tronic  Engineers,  the  American  Physical 
Society,  the  Optical  Society  of  America, 
the  American  Academy  of  Arts  and  Sciences, 
and  the  Association  for  Advancement  of 
Arts  and  Sciences.  In  1980  Dr.  Patel  was 
elected  an  Honorary  Member  of  the  Gyneco¬ 
logic  Laser  Surgery  Society,  and  in  '.985 
he  was  elected  an  Honorary  Member  of  the 
American  Society  for  Laser  Medicine  and 
Surgery . 
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EMBRITTLEMENT  OF  CROSSLINKED  POLY(VlNYL  CHLORIDE)  INSULATION 


T.  N.  Bowmer  and  P.  C.  Warren 


Bell  Communications  Research,  Inc. 
Red  Bank,  NJ  07701-7020 


ABSTRACT 

Crosslinkcd  poly(  vinyl  chloride).  XPVC,  has  been  used 
since  the  1970's  as  an  abrasion  resistant,  solder  heat 
stable,  lire  retardant  wire  insulation  on  main  distributing 
frames  in  telephone  central  offices.  Recently,  field  reports 
were  received  of  XPVC  insulations  that  cracked  after  only 
a  few  years  in  service.  Laboratory  exposures  of  the 
material  to  heat  and  or  medium  wavelength  UV  light 
(300  nm)  resulted  in  the  usual  discoloration,  crosslinking 
and  or  plasticizer  loss,  but  no  cracking.  When  irradiated 
with  ordinary  "cool  white"  fluorescent  tubes,  however,  the 
field  embrittlement  was  reproduced  exactly.  Ordinary 
plasticized  poly(vinyl  chloride).  PVC.  insulation  did  not 
fail  in  this  manner.  It  is  proposed  that  when  the  XPVC 
material  was  originally  crosslinkcd  by  electron  beam 
irradiation  at  the  factory  ,  reaction  of  oxygen  with  stable 
free  radicals  produced  peroxides  and  or  hydroperoxides 
that  subsequently  photooxidized  to  give  weak,  low- 
molecular  material  on  the  surface.  An  accelerated  test 
was  devised  to  screen  out  those  insulations  that  would 
not  stand  fluorescent  illuminated  environments  for  at 
least  ten  years. 

INTRODUCTION 

An  indiv  idual  subscriber  of  a  local  telephone  company  is 
connected  to  the  central  ollice  switch  through  the  main 
distributing  frame.  The  copper  wire  connections  between 
points  on  the  frame  arc  insulated  with  crosslinkcd 
poly(  vinyl  chloride).  XPVC.  an  innovation  developed  in 

the  mid- 1970' s  to  replace  an  archae,  expensive 
PVC  textile  lacquer  composite  construction.  The  XPVC 
material  consists  of  polyfvinyl  chloride),  PVC.  a  multi¬ 
functional  methacrylate  monomer  and  a  dialkyl  phthalatc 
plasticizer,  along  with  small  quantities  of  additional 
additives  to  provide  thermal  stability,  lubrication  and 
pigmentation.6  Irradiation  with  an  electron  beam  after 
extrusion  crosslinks  the  PVC  through  the  methacrylate 
linkages  into  a  plasticized,  three-dimensional  network. 
The  result  is  a  material  that  can  be  processed  on 
conventional  wire  equipment  yet  gives  extraordinary 
resistance  to  crushing,  abrasion,  heat  from  soldering 
irons,  lire  and  friction,  all  highly  desirable  for  the 


distributing  frame  application.6 

In  the  mid-19X0‘s,  isolated  reports  were  received  of 
cracked  XPVC  insulation  in  central  offices  around  the 
country,  but  particularly  from  California.  Texas  and  New 
York.  The  failed  insulation  showed  no  apparent  signs  of 
damage,  but  when  even  slightly  moved  or  jostled  would 
crack  axially  around  the  wire.  Although  embrittled  wire 
was  found  at  all  positions  on  the  frame,  it  seemed  to  be 
concentrated  several  inches  from  the  terminations,  on 
horizontal  runs  and  along  the  higher  racks.  Failed 
insulations  never  actually  fell  off  the  wire,  but  the  many 
connections  in  close  proximity  caused  some  shorts  to 
ground  or  neighboring  lines,  resulting  in  complaints  of 
service  disruption.  In  a  related  instance,  the  insulation  on 
several  unused  3000  ft  spools  of  distributing  frame  wire 
that  had  been  stored  on  a  repair  van  for  an  unknown 
length  of  time  were  also  found  to  he  embrittled,  but  only 
on  the  outside,  exposed  portions;  the  interior  XPVC 
insulation  displayed  no  signs  of  damage. 

Our  concern  was  to  determine  if  the  failure  was  the  result 
of  a  simple  batch  error  in  manufacturing,  either  in  the 
material  formulation  or  in  the  subsequent  electron  beam 
irradiation  step,  or  whether  there  was  a  fundamental 
defect  in  the  XPVC  technology.  The  latter  problem  was 
lar  more  serious  since  tens  of  billions  of  conductor  feet  of 
XPVC  insulated  wire  were  in  service  in  ten  thousand  or 
so  central  offices  around  the  country;  conceivably,  this 

failure  mode  could  eventually  involve  a  significant 
fraction  of  this  installed  plant. 

EXPERIMENTAL 

F  ailed  XPVC  insulated,  24  AWG  distributing  frame  wire 
samples  were  removed  from  frames  in  New  York  and 
California.  Brand  new  product  was  obtained  from  three 
different  manufacturers,  the  insulations  consisting  of  (i) 
XPVC,  (ii)  two  additional  versions  of  XPVC  (XPVC-I 
and  XPVC-2),  and  (iii)  conventional  plasticized  PVC. 
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\1mi.  iwu  labnraiory  formulations  were  prepared  I  ruin 
(i\)  PN  C'  containing  25  phi  phthalnte  plasticizer  aiul  |\) 
PYC  containing  25  phi  of  the  same  plastiei/er  aiul  2b  phi 
methacrylate  monomer.  I  hese  latter  two  materials,  whose 
ehemistn  anti  propeni^s  lta\e  heen  detailed  elsewhere.* 
duplicate  eomenlional  PYC'  aiul  \PVC  insulation 
materials,  respectively. 


lig.l  SPI.C'I  R  A I  I  >  I S  1  RIIU  I  IONS. 


Photodegradation  studies  were  earrieil  out  in  a  Q\.'\ 
Accelerated  Weathering  I  ester  that  operated  at  45-50  C, 
which  used  either  l’VA-351  or  l’VB-313  light  sourees 
with  a  measured  power  of  4300  p\V  cm".  In  addition,  a 
Rayoncl  Model  RPR- 100  Photoehemieal  Reaetor.  with 
eight  ll uoreseent  RPR-3000  or  RP R-35(M)  lights.  provided 
total  intensities  of  3500  pW  enr  at  room  temperature. 
Nnally.  an  ad-hoc  reactor  made  up  of  four  commercial 
indoor  fluorescent  fixtures  anti  eight  "cool  white"  bulbs 
rate  a  radiant  power  of  200  p\V  cm"  at  the  center.  I  hese 
intensities  can  be  compared  to  10-40  p\V  cm'  measured 
o\er  a  typical  main  frame  in  a  central  ollice  and  3000 
,,W  enf  found  outside  in  direct  sunlight,  as  shown  in 
I  able  1.  Radiant  energies  were  measured  w  ith  the  same 

International  l  ight  II.700A  Railiometer  that  was  sensitise 
between  300-400  nm.  I  he  spectral  distributions  of  all  of 
the  abuse  sources  are  summarized  in  figure  I.  I  he 
IVB-3I3  and  RPR-3000  lights  simulated  outside  sunlight 
while  the  IVA-35I.  RPR-3500  and  "cool  whi.te"  sources 
duplicated  the  longer  waselength  indoor  lightinr. 


I  -it'U  I.  I  V- t\\pos!lre  S IllMHlim Ills 


Position 

Distance  from 

l  \  -exposure 

l  etup,  ran^t 

source  (feet) 

)t\\  alts/cur 

((> 

Mahopac  Ollice: 

l  op  of  Frame 

1.5 

40 

15-50 

Middle  of  1  mine 

3.0 

24 

15  4S 

Bottom  of  Frame 

7.5 

12 

15-45 

(  enter  of  Visit* 

Desk  under  lights 

6.5 

16 

15-40 

nit  It  diffuser  present 

4.0 

0.35 

15-35 

Outside  -  direel  sun 

Jesting  (  hamlRTs: 

5\!0n 

3000 

0-50 

Ad-hoc  S-hulh 

(  handier 

Kavonct  Reactor 

0.2 

2(H) 

2S  32 

(3500  lamps) 

Ql  V  1  ester 

ff.25 

3500 

25-  27 

( l  V  \-35l  lamps) 

0.3 

45(H) 

46  50 

1  hermal  properties  were  measured  using  calorimetric, 
thermogras imetric  and  thermomechanical  methods  on  the 
PerKin-lJmer  I >S( '-4.  I  GS-2  and  IMS-2  instruments, 
respectisely.  Soxhlet  extractions  with  coUl  ether  and  or 
hot  tetrahsdrofuran  provided  information  on  plastici/et 
and  or  gel  contents.  A  chromatographic  teehnic|ue 
(described  elsewhere)-'  was  used  to  quantify  sol  and  gel 
fractions.  Infrared  spectral  analyses  were  done  on  a 
Nicolet  10- 1 ).\  l  ourier  I  ransform  IR  Spectrophotometer 
in  both  transmission  and  reflectance  modes.  I  ensile 
measurements  were  carried  out  on  insulations  snipped 
from  conductor  and  as  well  as  on  l  ype  V  cut  specimens 
(as  per  AS  I  M  P-(>3S|''  of  the  laboratory  blends.  The 
electron-beam  curing  process  used  in  the  manufacture  of 
XPVO  was  simulated  by  exposure  to  ionizing  radiation 
from  a  Cobalt-hO  Gammacell. 

KKsiT.rs  &  mscrssioN 

Visits  to  central  otlices  in  rural  Mahopac  (New  York) 
and  urban  San  I  ranciseo  both  confirmed  that  cracking 
predominantly  occurred  near  the  lop  of  the  frame,  along 
horizontal  runs  and  very  close  to  the  termination  points. 
In  the  small  rural  ollice.  the  wire  in  a  representative 
section  of  the  frame  was  purposefully  stressed  and  fully 
25" «  of  the  insulation  cracked.  Usually,  the  embrittled 
insulation  was  xisualh  similar  to  brand  new  or 
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undamaged  material,  i.e.,  there  was  no  discoloration  of 
the  while  or  fading  of  colors.  Further,  there  was  no 
obvious  color  dependence:  cracked  areas  more  often  than 
not  involved  both  wires  of  a  twisted  pair.  The  tensile 
elongation-to-break  numbers  were  1 50-200%  for  new  or 
unaffected  insulations,  but  only  0-I0°'o  for  the  failed 
ones.  Values  of  100%  were  often  found  for  material  only 
inches  from  a  crack  site. 

Initial  attempts  to  identify  differences  in  the  bulk 
properties  of  brand  new  and  failed  XPVC  insulations 
were  largely  unsuccessful.  Densities  of  1.30-1.35  were 
measured  for  all  samples.  The  linear  expansion 
coefficients  were  determined  to  be  3±lxl0'4  for  the 
insulations  and  blends.  Differential  scanning  calorimetric 

measurements  indicated  no  changes  in  glass  transition 
temperatures  of  50±5°C  or  in  stress  relaxation  peaks  at 
50-60  C.  Reflectance  infrared  spectra  obtained  from  the 
surface  and  inside  of  cracked  and  uncracked  insulations 
revealed  the  same  characteristic  resonances  of  the 
plasticized  PVC-methaerylate  system  assigned  to  C-CI. 
C-O.  C-C  and  aryl  moieties.1''  There  was  only  a 
minor  (  -5%)  increase  in  the  relative  magnitude  of  the 
1720  cm'1  peak  for  the  embrittled  material,  which  was 
interpreted  as  evidence  of  oxidation  products  on  the 
surface.  Extraction  with  cold  ether  showed  that 
plasticizer  made  up  about  15%  of  the  compounds,  and 
an  additional  25" »  of  material  (chiefly  unincorporated 
PVC)  could  be  withdrawn  using  hot  tetrahydrofuran 
I  fill').  Ihe  rest  of  the  PVC  and  all  of  the  methacrylate 
monomer  were  left  behind  as  an  insoluble,  crosslinked 
residue,  a  fact  which  hampered  complete  analysis.  All  the 
field  samples,  both  cracked  and  uncracked,  as  well  as 
brand  new  XPVC  insulated  product,  showed  the  same 
composition  within  -t  3%.  Clearly  any  simple  onetime 
formulation  or  curing  errors  would  not  explain  the  field 
embrittled  XPVC.'  insulations. 


The  surfaces  of  both  the  cracked  exterior  and  undamaged 
interior  portions  of  XPVC  insulated  wire  from  the 
unused  spools  (that  were  stored  on  a  van)  were  carefully 
scraped  and  these  scrapings  were  then  extracted  with 
THF.  Figure  2  compares  the  gel  permeation 
chromatograms  (GPC)  of  the  soluble  fraction  (Mn  - 
K0.000),  revealing  a  small  but  definite  (25-30%)  reduction 
in  molecular  weight  of  the  embrittled  sample. 
Unfortunately,  a  similar  experiment  was  not  possible  for 

the  intractable  portion  of  surface  material.  Oxidation, 
initiated  by  heat  and  or  radi  uion.  is  the  most  prevalent 
mechanism  for  the  gradual  deterioration  and  ultimate 
failure  of  plastics  materials.4  Inside  the  central  office,  heat 
is  generated  by  switching  equipment  and  mild  ultraviolet 
(UV)  radiation  is  produced  by  overhead  fluorescent 
tubes,  typically  banks  of  40  watt  "cool  white"  tluorescent 
tubes  without  diffusers.  In  order  to  try  to  duplicate  the 
field  failure  that  occurred  over  several  years  time  in  a 
central  office,  several  accelerated  aging  experiments  were 
carr'ed  out.  including  (I)  thermal  aging  experiments  in 
forced  air  ovens.  (2)  exposures  to  medium  wavelength 
UV  light  (270-330  nm)  and  (3)  exposures  to  long 
wavelength  UV  light  (320-3S0  nm). 

Thermal  F.xpcrimcnts 

Thermal  degradation  studies  of  XPVC  insulations  were 
carried  out  between  125  and  215  C  in  forced  air  ovens. 
The  XPVC  discolored  to  a  deep  brown  and  eventually 
black  after  long  aging  times  and  or  high  temperatures. 
The  discoloration  is  indicative  of  polyene  formation  that 
results  from  dehydrochlorination  of  the  PVC'  component, 
which  for  the  virgin  polymer  is  reported  to  have  an 
activation  energy  of  100  and  120-135  K.l-mole'1  in  air  and 
v acuum.  respectively .  ln''“ 

Tensile  elongation-to-break  measurements  were  carried 
out  on  aged  XPVC  samples  and  are  graphed  in  Figure  3 
as  a  function  of  time.  I  he  initial  increase  in  elongations 
is  probably  one  to  thermal  relaxation  of  stresses 
introduced  du  ing  the  extrusion  or  later  electron  beam 
irradiation:  the  length  of  the  plateau  region  is  related  to 
the  volatility  of  the  plasticizer  and  the  concentration  and 
activity  of  thermal  stabilizers.  Using  the  times  to  the 
catastrophic  urop  in  elongation  at  several  temperatures, 
an  Arrhenius  activation  energy  was  determined  to  be  106 
K.l-mole1.  Since  the  retention  of  elongation  is  a 
composite  of  plasticizer  loss,  stabilizer  activity  and  the 
inherent  thermal  stability  of  the  crosslinked  network,  this 
activation  energy  cannot  be  compared  directly  with  the 
literature  values  quoted  above.  Nevertheless. 
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Fig. 3  PERCENT  ELONGATION  VS.  TIME. 


extrapolation  of  the  time  to  0-10%  elongation  at  room 
temperature  reteals  that  the  insulated  wire  should  not 
crack  for  many  years,  entirely  inconsistent  with  the  field 
embrittlement  failure.  In  addition,  till  of  the  laboratory 
aged  samples  were  highly  discolored  at  low  elongations. 
Finally,  since  cracking  teas  independent  of  the  type  of 
termination,  overheating  during  soldering  was  eliminated 
as  a  contribution  to  deterioration.  I  he  overwhelming 
conclusion  is  that  a  thermal  degradation  mechanism 
could  not  possibly  describe  the  observed  failure. 

Medium  Wavelength  I  V  Experiments 

Circumstantial  evidence  indicated  that  the  embrittled 
XPVC  was.  at  least  in  part,  related  to  indoor  light,  the 
horizontal  orientation  and  upper  frame  involvement  of 
failed  wire,  as  well  as  non-involvement  of  shaded  areas, 
seemed  to  indicate  that  overhead  lluorescents  (or  sunlight 
through  a  nearby  window)  might  have  catalyzed 
oxidation  of  the  material.  I  he  cracks  themselves  seemed 
to  initiate  from  only  one  side  of  the  insulation.  In  the 
Mahopac  office,  for  instance,  a  particularly  brightly  lit 
aisle  made  this  mode  of  action  highly  suspect.  At  the  top 
of  the  frame,  about  1.5  feet  from  the  fluorescent  tubes. 
40  |i\V  cm"  were  measured  with  a  light  meter  sensitive  in 
the  300-400  nm  range.  Lower  portions  of  the  frame 
showed  values  in  the  range  of  10-25  jiW  cm".  Even  the 
cardboard  cores  of  the  reels  stored  in  the  van  showed 
evidence  of  bleaching  where  sunlight  apparently  streamed 
in  through  a  window. 

In  an  attempt  to  compress  time,  laboratory  experiments 


were  initiated  using  UV  sources  that  simulated  sunlight 
rather  than  the  weaker  indoor  light.  Various  XPVC 
insulated  wires  were  irradiated  in  a  Rayonet  Reactor  as 
well  as  in  a  QUV  Weathering  Tester,  using  RPR-3000 

and  UVB-313  lamps,  respectively.  A  relatively  rapid 
deterioration  of  the  insulation  was  noted  under  these 
conditions,  but  never  did  it  result  in  embrittlement. 
Instead,  the  samples  showed  the  usual  PVC  outdoor 
weathering  behavior,  namely,  gross  discoloration  and  loss 
in  elongation.  These  observations,  along  with  the  lack  of 
embrittlement,  again  ruled  out  this  explanation  for  the 
central  office  failure. 

Long  Wavelength  UV  Experiments 

An  ad-hoc  apparatus  was  constructed  by  bolting  together 
four  4  foot,  double  "cool  white"  fluorescent  fixtures  to 
form  a  vertical,  circular,  chamber,  intended  to  accelerate 
the  experiment  by  intensifying  weak  UV  light  rather  than 
by  shortening  its  wavelength.  A  small  fan  was  attached 
to  the  bottom  which  maintained  the  inside  temperature 
at  about  30  C.  White,  new  production  XPVC  insulated 
wires,  as  well  as  similar  undamaged  ones  recovered  from 
the  field,  were  hung  vertically  inside  the  chamber  and 
periodically  checked  for  embrittlement.  After 
approximately  2(HX)  hours,  the  insulations  cracked  under 
slight  mechanical  stress  yet  showed  no  signs  of 
discoloration.  The  embrittlement  phenomena  had  been 
reproduced  in  the  laboratory  using  the  identical  light 
source  as  thai  found  in  the  central  office. 


Eig.4  320-3S0nm  DEGRADATION  OE 
SPOOL  SAMPLE. 
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Long  wavelength  UV  sources  (RPR-.XSOO  ami  UVA-3M 
lamps)  were  then  substituted  into  the  respective  Ravonet 
photochemical  reactor  and  QUV  weathering  tester  and 
entirely  different  results  were  noted  relative  to  the 
medium  wavelength  UV  experiments,  lor  instance, 
figure  4  shows  the  %elongation  versus  time  for 
undamaged,  interior  w  ire  from  the  spool  stored  on  a  van: 
Figure  b  is  the  result  ol  an  identical  experiment  for  brand 
new  XPVC  insulated  wire.  In  both  cases,  a  catastrophic 
reduction  in  elongation  with  no  discoloration  was 
observed;  cracking  correlated  with  elongations  that  were 
-  30%.  The  differences  in  times  to  failure  of  the  two 
samples  are  explained  In  their  relative  thermal  histories, 
the  former  having  been  in  storage  for  live  years  or  so.  I  he 
diiferenee  in  failure  times  in  the  two  test  chambers  is 
explained  by  the  relative  severity  of  conditions.  The 
Ravonet  Reactor  had  a  measured  intensity  of  .'500 
p\N  cm"  while  that  of  the  QUV  apparatus  was  30"„ 
greater.  In  addition,  the  latter  unit  operated  at  a 
temperature  about  20  (  higher. 


monitored  with  time  and  all  increased  during  the  fust 
minute  of  processing  at  170  and  210  C.  Subsequent 
irradiation  with  UV  light  (  -290  nni)  revealed  that 
photooxidation  now  occurred  rapidly  compared  to  the 
unprocessed  material.  Scott1'  proposed  a  mechanism 
based  on  two  alternative  reactions  available  to  free 
radicals  produced  during  processing,  namely.  (I)  reaction 
with  oxygen  to  give  alkyl  peroxy  radicals,  and  ultimately 
hydroperoxides,  or  (2)  initiation  of  dehydrochlorination 
by  loss  ol  a  chlorine  atom,  resulting  in  a  conjugated 
polyene.  The  photoactivation  cITcct  apparently  depended 
on  the  presence  ol  species  Irom  both  competitive 

reactions. 

We  postulate  that  the  embrittlement  of  XPVC  occurs  in  a 
fish  ion  analogous  to  that  proposed  by  Scott'', 
summarized  in  the  schematic  in  I  inure  h. 


Iig.6  RFAC  I  ION  SCI  I  IMF.. 


Fig-5  320-3S()nm  DFC.RADATION  OF 
BRAND  MAY  XPVC. 
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Mechanism 

Scott1  ■*  has  reported  enhanced  photooxidation  rates  of 
PVC  after  the  polymer  was  mechanically  processed  at 
high  shear  rates.  After  mechanically  working  the  polymer 
in  a  small  laboratory  mixer  at  170  and  210  C,  the  olefin, 
peroxide  and  carbonyl  contents  of  the  base  resin  were 


The  ionizing  radiation  used  to  crosslink  the  XPVC 
coating  produces  not  only  grafted  crosslinkcd  products 
but  also  stable  free  radicals.  For  instance,  an  electron 
paramagnetic  resonance  (FPR)  study  of  radiation-cured 
XPVC  revealed  that  methacrylate  radicals  persisted  up  to 
two  months  after  exposure  to  the  electron  beam.1  It  is 
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Relative  Absorbance 


proposed  that  the  oxygenated  intermediates  are  formed 
on  the  surface  that  ultimately  cause  scission  and  initiation 
of  cracking.  T  he  yields  from  such  reactions  are  small  as 
can  he  seen  in  a  comparison  of  the  infrared  spectra  of 
photolv/ed  and  unphotolyzcd  samples  of  gamma 
irradiated  PVC  and  XPVC  laboratory  preparations  in 
figure  7.  PVC  exposed  to  720-3X0  nm  UV  light  showed 
no  oxidation  product  peak  at  1720cm'1.  Gamma- 
irradiated  PVC  and  XPVC  showed  growth  in  the 
1720cm'1  peak  upon  photolysis  with  UV  light, 
confirming  the  synergistic  elfect  of  pre-irradiation  on  UV' 
degradation. 


2000  1680  1360  1040  720  400 

Wavenumber  (cm-1) 


I  he  importance  of  these  intermediates  is  that  they  are 
labile  chromophorcs. which  act  as  initiation  and  catalytic 
sites  for  degradation  by  low  energy  radiation  that 
emanates  front  "cool  white"  fluorescents  oxer  sexeral 
years  time. 

figures  X  and  '>  compare  the  reductions  in  elongation  of 
conventional  plasticized  PVC  and  plastici/.ed  XPVC 
when  irradiated  with  the  indoor  UVB-351  lights.  The 
rates  of  elongation  loss  were  clearly  enhanced  when  they 
were  exposed  to  ionizing  radiation  prior  to  photolysis. 
Higher  amounts  of  cure  lowered  the  limes  to 
deterioration,  and  indeed  the  original  dose  of  ionizing 
radiation  may  determine  the  sensitivity  of  the  insulation 
to  later  ultraviolet  irradiation.  Normally,  doses  of  3-b 
Mrad  are  used  to  achieve  W»  cure  for  XPVC 
materials.1  "*  Our  laboratory  samples  decayed  more 
rapidly  than  field  materials  because  they  did  not  contain 
the  stabilizers  usually  found  in  commercial  materials. 


fig-8 

DI  GRADAI  ION  Of  PVC  PH  TH  ALA  ft  BLLNL) 
UNDL R  32()-3X()nm  LIGHT.  Samples  were 
pre-irr;idi:ited  with  y-rays  for ()(•),  4(0)  it  10(B)  Mrad. 


Lj  V  tv’CSjRE 


It  is  now  obvious  that  the  photolytie  degradation  of 
XPVC  insulation  is  wavelength  dependent.  Medium 
wavelength  UV  light  is  chiefly  absorbed  by  unsaturated 
chromophorcs  in  the  polymer,  resulting  in  classical 
outdoor  weathering  of  the  material,  as  evidenced  by 
dehydrochlorination,  substantial  discoloration  and  gel 
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Fig. 9 

DEGRADATION  OE  PVC-METH.ACRY1.ATE- 
-Pill  MALA TE  BLEND  UNDER  320-3S0nm 
LIGHT.  Samples  were  p re- irradiated  with 
y-ravs  for  ()(•).  4(0)  &  !<>(■)  Mrad. 


EVIL'S  .ML 


formation 1 *' *s  Apparently.  crosslinking  is  the  dominant 
surface  process  because  there  is  no  tendency,  lor  the 
material  to  crack  under  these  conditions.  Any 
contribution  by  the  oxidation  pathway  is  overwhelmed  by 
the  dchydrochlorination  route.  Long  wavelength  l  V 
light,  on  the  other  hand,  is  not  readily  absorbed  by  the 
unsaturated  portion  of  the  polymer  and  the 
photooxidation  described  by  Scott1',  while  relatively  slow 
and  inellicient.  becomes  the  major  degrad.ative  pathway. 

I  he  surface  reactions  now  exhibit  no  discoloration  and 
lead  predominantly  to  scission  products. 

Accelerated  Jesting 

A  major  goal  of  this  work  was  to  develop  a  measurement 
that  would  predict  whether  or  not  a  given  XPVC- 
insulated  product  would  endure  the  fluorescent 
illuminated  environment  for  some  minimum  period  of 
time.  To  that  end.  the  QllV  Weathering  Tester  was 
equipped  with  UVB-351  lamps  resulting  in  an  intensity 
that  was  approximately  200  limes  the  maximum  found  in 
the  measured  Mahopae  central  office.  A  sample  \PV( 
that  was  known  to  fail  in  the  field  in  about  live  year,  was 
found  to  crack  in  this  laboratory  test  in  about  400  hours. 
If  a  tvpical  installed  lifetime  field  were  10-15  years,  then  a 
1000  hour  survival  time  in  the  above  apparatus  might  be 
a  reasonable  minimum.  I  able  2  lists  the  results  of  live 


dilferent  samples  tested  under  these  conditions;  only  three 
of  the  five  passed  the  1000  hour  mark. 

Stabilization  front  weak  indoor  DV  light-catalyzed 
oxidation  is  not  normally  a  concern  with  inside  wire 
insulations,  but  electron  beam-cured  \PVC  insulation  is 
now  known  to  he  an  exception.  While  we  did  not 
undertake  the  task  of  incorporating  dilferent  types  and 
concentrations  of  UV  stabilizers  into  the  XPVC 
formulation,  we  assume  that  this  would  be  a  viable 
solution  to  the  above  problem.  For  current  installed, 
presumably  vulnerable  plant,  the  fluorescent  bulbs 
themselves  might  be  equipped  with  diffusers  or  tillers  to 
respectively  scatter  or  remove  the  UV'  portion  of  the 
visible  spectrum:  such  aftermarket  fixes  are  available  and 
it  remains  an  economic  decision  to  decide  whether  such 
action  is  warranted  or  not. 


Tabic  2.  Screening  Test  in  <21  V- Tester. 
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SUMMARY 

I  he  photodeg  adation  behavior  of  electron-beam  cured 
XPVC  wire  i  isolation  has  been  shown  to  be  extremely 
wavelength  sensitive.  Exposure  to  heat  or  medium 
wavelength  UV  light  ( 3(M)nm )  gives  the  usual 
dehydrochlorination,  polyene  formation,  discoloration 
and  loss  of  elongation  associated  with  PVC  deterioration, 
but  no  embrittlement.  Because  crosslinking  reactions 
predominate,  the  material  remains  tough  and  useful  for 
long  periods  of  time.  Exposure  to  UV  light  of  lower 
energv  (35()nm).  however,  will  initiate  a  very  slow  loss  in 
elongation  anil  eventual  embrittlement.  In  this  case, 
oxidative  scission  reactions  occur  on  the  sutlace.  torming 
weak  material  that  ultimately  leads  to  macks.  I  he  lattei 
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pathway  is  apparently  associated  with  the  failure  of 
XPVC  distributing  frame  wire  near  fluorescent  lighting  in 
telephone  central  offices.  An  l(XX)  hour  accelerated  test 
was  devised  that  will  screen  out  those  XPVC  insulations 
that  will  not  endure  fluorescent  lighting  for  at  least  ten 
years. 
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EXTRUSION  FOAM  INC,  OF  ETFE  FLUOROPOl.YMEK  RESIN 


Stuait  K.  Rand a,  Carl  R.  Fyrwald  and  David  P.  Rei fschnei dei 


E.I.  da  Pent  de  Nemours  f.  Co.  (Inc.) 


Continuous  gas  foaming  of  "Tefzel" 
ETFE  f luoropolymer  resin,  as  presented  in 
this  paper,  is  a  practical  process  for 
producing  foam  primaries.  Thin-wa)l  loan 
and  foam-skin  constructions,  with  void 
contents  as  high  as  70  percent,  have  been 
made  at  high  speed  using  this  technique, 

F oar  primaries  ate  generally  used  in 
twisted  pair,  computer  network  cables. 

I  •  lnt,t.o.duct„i.on 

With  the  continued  yrowtli  of  computer 
networks,  the  use  of  twisted  pair  and 
coaxial  cables  has  increased 
significantly.  These  cables  provide  the 
low  capacitance  required  for  high-speed 
data  transmission.  Twisted  pair  primaries 
insulated  with  foamed  ETFE  resin,  a  co- 
polymei  of  tet raf luoroethy lene  and 
ethylene  marketed  under  the  trademark 
"Tefzel"  ETFE  f luoropolymer  by  Du  Pont, 
provide  the  enhanced  properties  necessary 
for  today's  demanding  data  transmission 
i equi rements . 

ETFE  cables  are  physically  tough, 
highly  resistant  to  chemicals  and  able  to 
withstand  high  temperatures.  What's  more, 
through  foaming,  the  excellent  electrical 
properties  of  ETFE  cables  are  greatly 
enhanced . 

ETFE  foamed  cables  can  be  designed  to 
meet  the  flame  and  smoke  requirements  of 
the  National  Electrical  Code  for  plenum 
cable  applications.  Cables  meeting  these 
requirements  can  be  installed  in  the  air 
plenums  above  suspended  ceilings  without 
the  use  of  metal  conduit  -  saving  both 
time  and  money. 

Foamed  "Tefzel"  is  a  very  versatile 
insulating  material.  It  has  been  used  to 
make  thin  insulations  for  small  diameter 
wires  in  twisted  pair  cable  const ruct ions 
and  for  heavier  industrial  cables. 
Foam/skin  extrusions  permit  the 
combination  of  many  materials  to  achieve 


specific  properties  in  the  most 
cost-effective  constructions.  Cables  made 
of  foam  "Tefzel"  could  be  used  for 
telecommunication  and  computer 
applications,  as  well  as  control  cables 
for  utilities.  Two  twisted  pair  ETFE  foam 
cables  are  shown  below. 


Figure  1 

FOAMED  ETFE  CABLE  OF  SHIELDED  PAIRS 


Figure  2 

FOAMED  ETFE  CABLE  OF  UNSHIELDED  PAIRS 
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The  foaming  process  requires 
injection  of  a  gas  into  an  extruder.  The 
ETFE  resin  used  in  this  process  contains  a 
nucleant  that  has  been  compounded  into  the 
resin.  The  nucleant  provides  sites  for 
foam  cell  growth.  Final  cell  size  is  1  to 
3  mils  in  diameter.  Void  contents  as  high 
as  70  percent  have  been  demonstrated. 

These  foams  can  be  either  a  single 
uniform  layer  or  a  single  layer  surrounded 
by  a  thin,  solid  skin.  The  skin  provides 
added  dielectric  strength  and  an  easy  way 
to  color  the  insulation. 

Foaming  is  an  excellent  way  to 
achieve  low  mutual  capacitance  in  twisted 
pair  cables.  In  comparison  to  solid 
insulation,  foam  can  be  made  much  thinner, 
while  still  providing  the  desired 
impedance.  In  addition,  foam  insulation 
offers  a  weight  savings  and  can  allow  the 
use  of  a  larger  conductor  to  achieve  even 
lower  cable  attenuation. 


II.  PROCESS 


A.  Resin  Characteristics 

"Tefzel"  ETFE  f luoropolymer  resin  has 
the  general  polymeric  repeat  structure 
shown  below. 


Figure  3 

ETFE  MOLECULAR  STRUCTURE 

F  F  H  H 

-  C-  C  -C  -C-- 

F  F  H  H 


"Tefzel"  ETFE  possesses  some  of  the 
toughness  of  nylon,  almost  the  same 
inertness  as  "Teflon"  and  much  of  the 
radiation  resistance  of  polyethylene. 

The  base  resin  used  for  foaming  is 
"Tefzel"  220.  Three  grades  are  supplied 
in  cube  form:  220  for  solid  skin,  220F 
for  foaming  and  220CC  color  concentrates. 

The  ETFE  resin  used  in  foaming  is  one 
of  the  most  fluid  ETFE  resins  available. 
The  standard  melt  flow  of  this  resin  is 
greater  than  20  grams/10  minutes  at  298°C 
(568° F).  This  resin  has  been  specially 
designed  to  meet  the  melt  flow  require¬ 
ments  of  high-speed  processing  through 
dies  having  small  orifices,  while  still 
retaining  adequate  mechanical  properties 
for  use  as  thin-wall  foam. 


The  critical  shear  rate  of  this  resin 
(the  point  prior  to  that  rate  where 
rough-surfaced  extrudates  are 
encountered),  at  305°C  and  340°C,  is 
listed  in  Table  I. 


Table  I 

ETFE  RESIN  RHEOLOGY 

MAXIMUM  CRITICAL  SHEAR  RATE 
TEMPERATURE  (Reciprocal  Seconds) 

305  C(581F)  100.000 

340  C  (645  F)  500,000 


The  shear  rate  formula  for  pressure 
extrusion  is  shown  in  reference  1.  This 
formula  can  be  used  to  estimate  possible 
production  speeds  for  specific  foamed  wire 
constructions . 

"Tefzel"  resins  for  foaming  have  an 
apprgximate  melting  point  of  270°C 
(518°F) j  a  room  temperature  specific 
gravity  of  1.7;  and  a  specific  gravity  of 
1.3  at  300°C  (572°F) . 

The  relatively  low  dielectric 
constant  and  dissipation  factor  make  ETFE 
resin  an  attractive  electrical  insulating 
material,  even  as  a  solid.  Table  II  shows 
these  values  at  various  frequencies. 


Table  II 

ELECTRICAL  PROPERTIES  OF  ETFE  220  RESIN 


FREQUENCY  DIELECTRIC  CONSTANT  DISSIPATION  FACTOR 

1  KHz  258  0001 

1  MHz  2  56  0.006 

100  MHz  2.45  0  020 


Foaming  educes  the  dielectric 
constant  from  2.6  for  a  solid  material 
toward  the  1.0  value  of  air.  Lower 
dissipation  factors,  necessary  to  achieve 
low  cable  attenuation,  also  accompany 
foaming.  For  example,  an  ETFE  foam  having 
70  percent  voids  would  possess  a 
dielectric  constant  ind  a  dissipation 
factor  nearly  half  that  of  solid  material. 
The  relationship  between  dielectric 
constant  and  foam  level  is  shown  in 
figure  4. 
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Figure  4 

ETFE  DIELECTRIC  CONSTANT  VS.  VOID  CONTENT 


VOID  CONTENT.  % 


Lx--£ytojd.ej 

A  special  extruder  screw  is  used. 

Five  zones  comprise  the  design  of  this 
screw:  feed,  meter,  gas  injection, 

pumping  and  mixing,  as  shown  in  figure  5. 
The  partially  filled  zone  is  where  the  gas 
is  injected  and  dissolves  into  the  molten 
resin . 


Figure  5 

SCHEMATIC  DRAWING  OF 
A  MELT-FILLED  EXTRUSION  FOAMING 
SCREW  FOR  ETFE  RESIN 


Details  of  the  design  of  a  1.25-in. 
diameter  ETFE  foam  extruder  screw  are 
shown  in  Table  III.  This  design  differs 
from  that  used  for  the  foaming  process  of 
FEP  resin  (2).  The  main  difference  is 
that  the  channel  depths  are  shallower. 

Table  III 

EXTRUDER  SCREW  DETAILS  (1 .25  ln./31 .75  mm  diameter) 
SQUARE  PITCHED  SCREW 


CHANNEL  DEPTH 

EXTRUDER  SCREW  ZONES  NUMBER  OF  FLIGHTS  (in./mm) 


Feed 

8.0 

0.160/4.06 

Transition 

3.0 

- 

Metering 

4.0 

0.035/0.89 

Transition 

0.5 

- 

F-22  Injection 

3.5 

0.200/5.08 

Transition 

0.5 

- 

Pumping 

6.8 

0  054/1.37 

Mixing  Head  and  Tip 

3.7 

0.155/3.26 

Total 

35IT 

Screw  diameters  range 

from  1.25  to 

2.35  inches. 

Standard  length 

to  diameter 

(L/D)  ratios 

range  from  28 

to 

35:1. 

To  obtain  precision  control  of  melt 
temperature,  PID  temperature  controllers 
should  be  used.  Motor  control  for  wire 
conveying  and  screw  melt  delivery  must 
also  be  precise  (i.e.,  0.1  to  0.5  percent 
D.C.  control).  Such  equipment  should 
result  in  acceptable  capacitance  and 
diameter  control. 


2.  Gas  Imection  System 

The  gas  injection  system,  shown  in 
figure  6,  is  comprised  of  a  gas  cylinder 
(1),  a  gas  regulator  (2),  manual  valves 
(3,  4  and  5),  a  pressure  relief  valve  (6) 
and  a  gas  injection  probe  (7) . 

Figure  6 

GAS  INJECTION  SYSTEM 


16  International  Wire  &  Cable  Symposium  Proceedings  1987 


Gas  pressure  is  adjusted  with  the 
regulator.  The  gas  flows  into  the 
extruder  barrel  through  the  injection 
probe.  For  a  given  screw  speed,  void 
content  is  adjusted  by  varying  the  gas 
pressure.  This  type  of  gas  injection  is  a 
simple  process  setup  because  no  pumps  or 
automatic  control  valves  are  required.  In 
addition,  the  process  allows  the  use  of 
either  nitrogen  or  "Freon"  22  as  the 
foaming  gas.  The  latter  is  preferred. 


3..  .  Crass  head 

The  4/6F  fixed  center  crosshead  used 
in  our  ETFE  foam  development  studies  was 
made  by  the  Maillefer  Corporation  of  South 
Hadley,  Massachusetts.  Use  of  different 
center  cartridges  within  the  Maillefer 
crosshead  allows  simple  foam  extrusion  or 
a  foam-skin  duplex  extrusion.  Cross- 
sectional  views  of  this  crosshead  during 
both  types  of  extrusion  are  shown  in 
figures  7  and  8.  The  information  in  these 
figures  is  presented  courtesy  of  the 
Maillefer  Company. 


Figure  7 

MAILLEFER  4/6F  WIRE  COATING  CROSSHEAD 
SINGLE  EXTRUSION 


Melt 

Stream 


Slight 

Melt 

Draw 


In  the  foam-skin  extrusion  set-up,  a 
smaller  auxiliary  extruder  with  a 
conventional  type  screw  provides  the 
molten  ETFE  resin  for  the  outer  skin 
coating  of  solid  ETFE  resin.  The  two 
extruders  should  be  positioned  head  to 
head,  as  shown  in  figure  9,  to  best 
accomplish  the  foam-skin  extrusion. 


Figure  8 

MAILLEFER  4/6F  WIRE  COATING  CROSSHEAD 
FOAM- SKIN  EXTRUSION 


Main 

Melt 

Stream 


Melt 

Stream 


Figure  9 

DUAL  EXTRUSION  FOR  FOAM-SKIN  PRODUCTION 


Main  Extruder 


Auxiliary  Dual 

Extruder  for  Coated 

Outer  Skin  Wire 

ETFE  resin  extrusion  foaming  normally 
requires  a  pressure  extrusion.  With 
insulation  thicknesses  greater  than  20 
mils,  a  low  melt  draw  extrusion  (less  than 
5:1)  may  be  used.  However,  in  each  type  of 
extrusion,  a  slight  melt  draw  is  applied 
prior  to  loaming. 

Pressure  extrusion  is  preferred  for 
foaming  ETFE  resin  because  this  technique 
minimizes  the  occurrence  of  elongated  foam 
cells. 

Each  of  these  extrusion  techniques  is 
shown  schematically  in  the  following 
figures. 
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Figure  10 

PRESSURE  EXTRUSION  FOAMING 


Table  VI 

PROPERTIES  OF  THE  FOAMED  PRIMARY  WIRE  CONSTRUCTION 


Figure  1 1 

MELT  DRAW  EXTRUSION  FOAMING 


Die 


C.  Extrusion  Conditions 

Extrusion  conditions  for  production 
of  a  6-mil  foam  on  solid  AWG  24  wire, 
which  includes  a  1-mil  colored  skin,  are 
reviewed  here.  The  production  speed  of 
the  wire  coating  was  1,000  ft/min.  Table 
IV  lists  the  details  of  the  extrusion 
equipment  used;  Table  V  lists  the 
operational  settings  for  this  equipment; 
and  Table  VI  shows  the  properties  of  the 
foamed  primary  wire. 

Table  IV 

EQUIPMENT  FOR  FOAM-SKIN  EXTRUSION 

•  2-in.  Diameter  Foam  Extruder 

•  1  -in.  Diameter  Extruder  (Skin  Coating) 

•  Dual  Coating  Maillefer  Crosshead 

•  Die:  0.033-in.  (088- mm)  orifice 

•  Electronic  Wire  Preheater 

Table  V 

OPERATIONAL  SETTINGS  AT  1 .000  FT/MIN  WIRE  SPEED 


2-in.  EXTRUDER  1 -in.  EXTRUDER 


Extruder 

315  C  (600  F)  315  F  (600  1", 

Crosshead  and  Die 

332  C  (630  F) 

Screw  RPM 

25 

7 

Melt  Pressure  (psi) 

700 

1,000 

F-22  Gas  (psi) 

60 

none 

Melt  Temperature 

323°C(615°F) 

Shear  Rate 

107,000  sec-’ 

Wire  Speed 

1,000  It/ min  (304  m/min) 

Construction  Diameter 
Foam  Thickness 
Skin  Thickness 
Capacitance 
Dielectric  Constant 
Resin  Weight/ 1,000  ft 


33  mil  (0.84  mm) 

6  mil  (0.1 5  mm) 

1  mil  (0.C25  mm) 

56  pf/fl 
1.79 

0.2  lb  (0.09  kg/304  m) 


At  a  shear  rate  of  100,000  reciprocal 
seconds,  extrusion  rates  of  1,000  ft/min 
(304  m/min)  have  been  demonstrated  with  a 
7.5-mil  (0.19-mm)  foam  coating  on  AWG  24 
wire.  The  pressure  die  used  had  a 
0.033-in.  (0.84-mm)  orifice.  The  melt 
temperature  was  315°C  (600°F)  and  the  melt 
draw  was  1.6:1. 


III.  WIRE  PROPERTIES 


Figures  12  and  13  show  the  foam 
struc:ure  of  this  insulation  magnified  at 
30x  and  75X.  Figure  12  shows  a  cutaway 
view  from  the  side  of  the  construction. 
Figure  13  shows  an  end  view  of  the 
insulation.  The  presence  of  the  black 
exterior  skin  can  be  seen  in  each  photo¬ 
graph.  Note  the  excellent  uniformity  of 
the  insulation  wall  in  figure  13.  This 
concentricity  is  a  direct  result  of  using 
the  fixed  centered  crosshead. 


Figure  12 

FOAM-SKIN  ETFE  INSULATION,  TOP  VIEW  @  30X 
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Figure  1 3 

FOAM-SKIN  ETFE  INSULATION,  END  VIEW  @  75X 


c. 


To  obtain  a  foam  without  an  outer 
skin,  use  the  same  approximate  extrusion 
conditions  with  the  crosshead  in  its 
single  coating  mode  and  without  the 
auxiliary  extruder. 


The  electrical  properties  of  extruded 
wire  coatings  can  be  predicted  using 
standard  formulas.  These  formulas  are 
also  applicable  to  foamed  ETFE. 

Coaxial  capacitance,  the  capacitance 
measured  in-line  with  the  extrusion 
process,  decreases  with  either  increasing 
wall  thickness  or  increasing  void  content. 

For  foam/skin  combinations  (layers  of 
materials  of  differing  dielectric 
constants)  the  coaxial  capacitance  is 
obtained  by  the  following  formula. 


where:  c  is  in  picolarods  per  loot 

D2  is  the  diameter  over  the  outer  layer 
D,  is  the  diameter  over  the  inner  layer 
K2  is  the  dielectric  constant  ot  the  outer  layer 
K,  is  the  dielectric  cons'ant  ot  the  inner  layer 
d  is  the  conductor  diameter 


As  foam-skin  constructions,  the  ETFE 
resin  could  have  an  upper  service 
temperature  of  ISO  C  (302°F)  .  This 
temperature  was  established  by  Du  Pont  as 
a  result  of  a  study  where  the  primaries 
were  tested  according  to  the  Mil-22759 
procedure,  modified  to  a  1,000  volt  break¬ 
down  . 

Table  VII  shows  a  comparison  of  the 
mechanical  properties  of  ETFE  resin  as 
solid  and  as  foam. 


Refer  to  the  schematic  diagram  below. 


Table  VII 

ETFE  RESIN  MECHANICAL  PROPERTIES:  SOLIO  VERSUS  FOAM 
MEASURED  AT  23  C  (73  F)  (2- in./mir) 


FOAMED 

_  PROPERTY _  UNFOAMED  45%  voids’ 

Yield  Strength  4,450  psi 

(30  7  x  106  pascal) 

Tensile  Strength  6,060  psi  1,200  psi 

(4 1 .8  x  1 06  pascal)  (8,3  x  1 06  pascal) 
Elongation  at  Break  300%  1 25% 

Flexural  Modulus  1 70,000  psi  35,000  psi 

GTE  Crush  Test.  -1,000  ID  passes  '900  lb  passes 

5-mil  Insulation 
(600  lb  minimum) 

•Five  mil  thick  foams,  with  ot  without  the  solid  exterior  skin 


For  an  ETFE  skin/foam  construction, 

K„  would  be  2.6  and  K.  would  be  the 
dielectric  constant  of  the  foam.  If  no 
skin  is  used,  K„  would  be  1.0,  D  would 
equal  D.  and  the  formula  would  be  the  same 
as  for  a  single  layer  of  insulation. 

Figure  14  is  a  graph  of  the  coaxial 
capacitance  of  an  AWG  24  wire  where  the 
insulation  has  an  outer  l-ml 1  skin  of 
solid  "Tef zel . " 
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Figure  1 4 

COAXIAL  CAPACITANCE 


AWG  24  WIRE,  TEFZEL  FOAM,  1  MIL  SKIN 


The  dielectric  strength  of  a  foam  is 
typically  lower  than  that  of  solid 
insulation,  and  ETFE  foam  is  no  exception. 
ETFE  with  45  percent  voids  in  a  5-mil  wal ] 
would  have  a  dielectric  breakdown  voltage 
of  1,000  volts.  Adding  a  thin  outer  skin 
coating  and/or  increasing  the  foam 
thickness  improves  this  breakdown  voltage. 
A  10-mil  foam  having  a  2-mil  outer  solid 
skin  lias  a  breakdown  voltage  of  more  than 
3,000  volts. 


Some  telephone  cable  specifications 
require  that  the  insulation  withstand 

2.500  volts  D.C.  for  three  seconds  between 
paired  conductors.  Foams  typically  will 
not  meet  this  specification.  However,  a 
G-mil  ETFE  foam  has  withstood  voltages  of 

1.500  to  2,000  volts  D.C.,  and  foam/skin 
constructions  have  far  exceeded  the  2,500 
volts  D.C.  test. 


IV.  Cable  Products  and  Applications 

Typical  cables  that  can  be  fabricated 
using  primary  wires  insulated  with  foamed 
"Tefzel"  include:  inside  telephone  cables 
for  plenum  use;  computer  interconnection 
cables,  such  as  RS-232  types;  and  other 
instrumentation  and  control  cables  for 
Class  2  and  3  power-limited  applications. 


In  scouting  tests,  foamed  ETFE  passed 
the  flame  and  smoke  requirements  of  the 
Underwriters'  Laboratories  910  test.  The 
cables  tested  were  4  and  12  1/2  pairs  with 
jackets  of  "Teflon"  FEP.  The  AWG  24 
primaries  had  5-mil  coatings  each 
containing  50  percent  voids. 

In  telephone  cables,  the  mutual 
capacitance  can  be  determined  using 
traditional  formulas  with  a  value  for  the 
dielectric  constant  of  the  composite 
insulat ion  ( 3 ) .  Figure  15  shows  mutual 
capacitance  as  a  function  of  insulation 
wall  thickness. 

Figure  1 5 

MUTUAL  CAPACITANCE 


AWG  24  WIRE,  TEFZEL  FOAM,  1  MIL  SKIN 


INSULATION  THICKNESS,  MILS,  INCL  SKIN 

As  previously  discussed,  an  outer 
skin  provides  several  important  benefits. 
It  can  enable  color  coding  without 
blending  color  into  the  foam  concentrate 
and  it  gives  greater  electrical  and 
mechanical  durability  to  the  wire  coating. 
It  may  also  contribute  to  easier  stripping 
and  termination. 

Foamed  ETFE  for  telephone  cables  has 
been  made  in  a  5.5-mil  coating  on  AWG  24 
wire.  The  insulation  was  made  up  of  a 
4.5-mil  foam  of  55  percent  voids  and  a 
1-mil  colored  skin.  The  insulation  weight 
was  0.16  lb/1,000  ft  of  primary  wire.  The 
mutual  capacitance  was  less  than  15  pf/ft, 
which  is  a  significant  improvement  when 
compaied  to  the  22  pf/ft  industry  norm. 
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DIELECTRIC  CONSTANT 


The  current  trend  in  office 
automation  is  more  cabling  from  a  central 
wiring  hub  to  individual  offices.  These 
computer  cables  must  meet  stringent 
controlled  impedance  requirements.  One 
such  requirement  for  telephone-type  wiring 
is  100  ohms  at  1  MHz;  a  requirement  that 
can  easily  be  met  using  foamed  "Tefzel." 

The  foam  extrusion  process  lends 
itself  to  meeting  controlled  impedance 
requirements  because  the  foam  level  can  be 
matched  to  wall  thickness  combinations. 

The  specific  combination  of  wall  thickness 
and  dielectric  constant,  as  determined  by 
foam  level,  can  be  chosen  by  design; 
however,  it  should  be  verified  by  actual 
cable  tests  since  variations  in 
manufacturing  and  shielding  can 
significantly  change  the  impedance. 

During  our  study,  we  fabricated  three 
cable  constructions  with  the  goal  of 
having  each  cable  exhibit  100  ohm 
impedance.  Although  this  impedance  level 
was  not  precisely  achieved,  each  cable 
possessed  a  balanced  combination  of 
excellent  properties. 

The  cables  we  fabricated  were  a 
4-pair  individually  shielded,  a  4-pair 
overall  shielded  and  a  4-pair  unshielded. 
Construction  details,  as  well  as  measured 
data,  are  listed  in  Table  VIII. 


Table  VIII 

FOUR  PAIR  CABLE  DATA 

INDIVIDUALLY  SHIELDED 

24  AWG  conductor,  1 1  -mil  wall,  foamed  50% 
Inline  coaxial  capacitance  37.2  pf/ff 
Resin  weight,  40  lb/ 1,000  ft  of  conductor 


Frequency 

256k 

1M 

10M 

20M 

Attenuation  db/ 1 00  ft 

.48 

1.3 

3.8 

5.6 

Impedance,  ohms 

102 

87 

77 

76 

OVERALL  SHIELD 


Coax  cables  are  not  likely  candidates 
for  the  use  of  foamed  "Tefzel.”  That's 
because  coax  cables  require  low  attenua¬ 
tion  values  and  the  use  of  materials  with 
low  dissipation  factors,  such  as  "Teflon" 
FEP  or  polyethylene.  "Tefzel"  has  dissi¬ 
pation  factor  values  an  order  of  magnitude 
higher  than  FEP  or  polyethylene.  Thus, 
cable  attenuation  would  be  significantly 
higher . 

If  the  higher  attenuation  can  be 
tolerated,  or  shorter  cable  lengths  used, 
a  possible  application  area  for  ETFE  coax 
cable  might  be  in  the  nuclear  power 
industry  in  radiation  areas. 

Cables  of  foamed  "Tefzel"  are 
currently  being  evaluated  for  use  in 
aerospace,  military  electronics,  transit, 
automotive  and  industrial  applications. 
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24  AWG  conductor,  7-mil  wall,  foamed  60% 

Inline  coaxial  capacitance  49  pf/ft 
Resin  weight,  '.20  lb/ 1,000  ft  of  conductor 

Frequency  256k  1M  10M  20M 

Attenuation  db/ 100  ft  .41  87  2.7  3  9 

Impedance,  ohms  93  88  83  83 

UNSHIELDED 

24  AWG  conductor,  7-mil  wall,  foamed  60% 

Inline  coaxial  capacitance  49  pf/ft 
Resin  weight,  -  20  lb/ 1,000  ft  of  conductor 

Frequency  256k  1M  10M  20M 

Attenuation  db/ 100  ft  29  .59  2.1  3.2 

Impedance,  ohms  116  109  106  105 
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PROCESSING  OF  THIN  WALL  FLAME:  RETARDANT  NON  HALOGENATED  INSULATION 
FOR  INDOOR  TELEPHONE  EXCHANGE  WIRING 


E.  Buczma,  H.  A.  Mayer,  A.  C,  Day 


Olex  Cables  a  Division  of  Pacific  Dunlop  Limited 
Melbourne,  Victoria,  Australia. 


ABSTRACT 

A  cable  for  indoor  exchange  wiring 
requires  the  use  of  a  very  thin  insul¬ 
ation  0.1mm  (3-4  mils).  For  such  thin 

wall  higher  strength  materials  are 
required.  Other  material  properties 
such  as  electrical,  flame  retardance 
and  absence  of  halogens  limit  the 
possible  materials.  A  modified  poly¬ 
phenylene  oxide  compound  has  been  used 
for  this  application.  The  processing 
parameters  have  been  outlined  and 
results  presented  which  show  that  good 
insulation  properties  can  be  achieved. 
The  cable  sheath  materials  are  to  be 
flame  retardant  and  halogen  free. 
Two  such  materials  are  evaluated  for 
their  behaviour  in  a  fire.  In  a  cable 
the  use  of  these  materials  restricts 
the  smoke  generation  of  the  modified 
PRO  material  in  a  fire  thus  improving 
the  overall  cable  performance. 


INTRODUCTION 

A  particular  telecommunications 

cable  is  used  in  Australia  and  in  Sweden 
for  the  indoor  wiring  of  telephone 
exchanges.  The  cable  core  consists 
of  insulated  conductors  in  a  unit  twin 
construction  made  up  of  0.4mm  diameter 
plain  copper  conductor  with  a  very 
thin  radial  thickness  of  insulation 
in  the  range  0.07-0. 10mm  (3-4  mils). 

The  overall  diameter  of  the  insulated 
conductor  is  required  to  be  nominally 
0.60mm  but  not  greater  than  0.64mm. 
One  common  type  of  this  cable  is  made 
up  of  a  32  wire  core  with  an  outer 
sheath  of  PVC  but  this  is  to  be  changed 
to  a  highly  flame  retardant  non  halogen- 
ated  type  sheath. 

Figure  1  shows  a  16  wire  and  32 
wire  cable  of  this  type  of  const ruct i on . 

The  cable  specification  requires 
the  insulation  material  to  be  flame 
retardant  and  non  halogenated. 

These  properties  are  required  to 
prevent  in  case  of  a  fire  the  propagation 
of  the  flame  front  and  the  formation 
of  highly  corrosive  gases  which  can 


destroy  delicate  equipment.  With  the 
above  material  and  dimensional  constraints 
it  is  also  a  requirement  that  the 
insulated  conductors  have  good  electrical 
and  mechanical  properties  and  adequate 
ageing  properties.  The  insulation 

material  must  also  have  the  ability 
to  be  processed  on  standard  processing 
equipment  at  economical  line  speeds 
and  be  of  low  to  moderate  cost. 


Figure  1-16  and  32  Wire  Cables  for 
Indoor  Exchange  Wiring 

The  low  insulation  thickness  is 
required  to  allow  the  necessary  number 
of  insulated  wires  to  enter  the  particular 
connector  housing  used.  Figure  2  shows 
a  connector  used  in  exchanges  tor  this 
application  and  an  insulation  sti  ippintj 
tool  . 

INSULATION  REQUIREMENTS 

The  insulant  material  for  the  applic¬ 
ation  is  required  to  be  non  halogenated, 
flame  retardant  and  has  to  achieve 
all  the  test  requirements  of  the  insul¬ 
ated  conductor  such  as  mechanical  and 
electrical  properties.  These  latter 
properties  are  required  to  be  at  least 
as  good  as  those  of  PVC. 

The  insulation  also  has  to  meet  the 
tests  as  set  out  in  Table  1. 

The  modified  polyphenylene  i.ide 
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Figure  2  -  Telephone  Exchange  Connector 
Housing 

material  discussed  later  meets  the 
requirements  of  Table  1. 

INSULATION  PROPERTIES 

The  latest  Telecom  Australia  spec¬ 
ification  requirements  for  the  modified 
polyphenylene  oxide  insulation  material 
are  listed  in  Table  2. 

Some  short  notes  on  the  more  critical 
tests  related  to  the  modified  poly¬ 
phenylene  oxide  insulation  material 
are  as  follows. 

Tensile  Properties 

Test  specimens  of  150mm  length  were 
used.  The  insulation  was  removed  from 
the  conductor  by  elongating  the  conductor 
10  on  a  tensile  machine.  The  cross¬ 
head  speed  used  for  the  test  was  50mm/min 
and  the  initial  jaw  separation  distance 
50mm . 

For  the  ageing  test  the  insulated 
conductor  samples  were  placed  in  an 
oven  at  100°C  for  120  hours.  A  recent 
amendment^  to  the  specification  has 
allowed  a  10r  conductor  elongation 


Table  1  -  Insulation  Type  Approval  Tests 


Test 

p.equ  i  remen t 

Txyaen  Index 

! 

Insulated  conductor 
it  a"  pies  not  to  burn  for 
a  u  .stance  ice  t bar;  50r-.r: 
and  to  cease  burning  180 
sec.  after  removal  of 
ignition  source  when 
gases  in  the  tube  contain 
not  less  than  30*  oxygen. 

Ter  perature 

Critical  temp.  index  to 

I  ndex 

be  300&C  when  tested  to 
NbS  715. 

Corrosivity 

Measured  to  DIN  57472 

Tests 

Part  813. 

prior  to  the  ageing  test  if  conditions 
of  the  specification  cannot  be  met 
with  samples  with  no  conductor  elongation 

Volume  Resistivity 

To  measure  the  volume  resistivity 
a  10m  length  of  insulated  conductor 
was  immersed  in  water  at  23+1 °C  for 
approx ima t e 1 y  20  hours.  The  measurement 
was  then  repeated  at  60°C. 

Volume  resistivity  was  determined 
from  the  relationship. 

Volume  resistivity  -  2 . 7  3RL  (Gn.m) 

lo9l0  5 

R  -  insulation  resistance  of  the  sample 

( G  TL  ) 

L  -  length  of  sample  (m) 

D  -  diameter  over  the  insulation  (mm) 
d  -  diameter  of  copper  wire  (mm). 


Table  2  -  Modified  Polyphenylene  Oxide 
Insulation  Requirements 


Propert  v 

Value 

Unaged  Fropert les 

Tensile  stress  at  break, min 

35.0  MPa 

Elongation  at  break, nun 

130% 

Aged  Propert ies 
(100‘C  for  120  hours) 

%  Retention  of  Elongation 

60% 

Stripping  Force 

2-12  N 

Volume  Resistivity 

I  At  23'X,  min 

lxlO4  G-n.m 

At  60°C,  min 

1x10^  G-n.m 

1 

(Volatile  loss,  max 

lOg/rti2 

*Shr  mkback,  %  max 

| 

2  * 

(Cold  bend  test 

Ino  cracking  at 

-  1  5  °C 

The  dielectric  strength  test  was 
carried  out  at  2.8kV  DC  for  1  min 
after  immersion  of  the  sample  in  water 
for  20  hours  at  23±1°C.  Voltage  break¬ 
down  was  determined  on  the  same  sample 
by  uniformly  increasing  the  voltage 
to  f a  1  lure . 

Stripping  Force 

Samples  of  100mm  length  were  prepared 
by  removing  50mm  of  insulation  from 
one  end  and  2  5mm  from  the  other  end. 
The  longer  end  of  the  hare  wire  was 
threaded  through  a  hole  in  a  metal 
fixture  the  hole  diameter  being  app¬ 
roximately  10?>  greater  than  the  diameter 
of  the  wire.  The  fixture  and  the 
threaded  end  of  the  conductor  were 
clamped  in  the  tensile  testing  machine 
used  and  the  maximum  force  at  a  cross¬ 
head  speed  of  250- 350mm/mi n  recorded. 
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COMPARISON  OF  SOME  INSULATION  MATERIALS 

Table  3  presents  typical  properties 
obtained  for  0.1mm  (4  mil)  radial 

thickness  insulation  on  0.4mm  diameter 
copper  wire  for  some  insulation  materials 

The  abrasion  resistance  was  determined 
using  the  apparatus^  shown  in  figure  3. 
The  number  of  completed  up  and  down 
movements  of  the  wire  before  a  circuit 
occurred  between  the  wire  under  test 


Table  3  illustrates  the  higher  strength 
of  the  engineering  plastic  type  of 
material  like  the  Nylon  12  and  the 
modified  polyphenylene  oxide  (PPO) 
compound  compared  to  the  traditional 
materials  like  the  PVC  and  polyethylene. 

This  becomes  particularly  apparent 
f  at  the  low  insulation  thickness  of 

0.1mm  (4  mil)  where  the  tensile  properties 
are  lower  than  the  values  obtained 
when  these  materials  are  processed 
at  their  usual  radial  dimensions  of 
0.18mm  for  PVC  and  O.22rmifor  polyethylene. 

Table  4  shows  the  properties  of 
PVC  and  polyethylene  processed  at  their 
more  common  radial  thicknesses. 

The  age  mg  performance  for  the  insul¬ 
ation  materials  at  the  radial  wall 
thickness  of  0.1mm  is  shown  in  Figure  4. 
The  results  are  for  insulated  conductor 
samples  aged  at  100°C  in  an  air  oven 
i  to  the  specification^  with  the  conductor 

not  being  pre-stretched  prior  to  ageing. 

The  ageing  of  polyethylene  and  PVC 
at  a  radial  wall  thickness  of  0.1mm  is 


Table  3  -  Insulation  Properties  of  some 
Materials  Processed  as 
0 . 1 / 0 . 4mm  Wires 


Insulat  iun 

fM- 

1  ■«  .  i  •, 

— .  Material 

Awl  1  -T 

blisu  Jat  i  - 

<t.-li...» 

ir  • » i«  - 

i'r.. putty  ^ 

JJI.tllO 

o. | 

y 

I  ’lutjukt 

IbtiSllO  StltUio  at 

Y  if  Id  Mi -U 

/  !  .tt 

!*■ .  • 

1 

IVnsil*;  st  tost*  «it 

biuak  Ml  'a 

1  J.  1 

l 

!Ti4vjat  kki  til  liieciK  ' 

'}2 

,Yu*j  120  hiii.  100 V 

Tuns  i  le  stien'jth  MPa 

4b.  J 

4 

hl.mqat  ion  at  break  t 

Very  Liw 

.St i  ippuvj  Force.  N 

2.2 

Yoluifcr  Hus  I  St  1 V 1 1  y  >  1 A 

»  , 

2J  “C 

‘•xll1 

jxi'i, 

ixitr 

bOV 

12 

- 

j  iucWrclr  ;«.*  Stien<jt)j 

fat  1 

1  2.H  kV  1  Mil 

2  KV ,  'i1):*.'! 

P.u:, 

P.isri 

'--ii"" 

i  bruakdcwn  Vall<*ie 

...ll.v 

OkV 

J  Ai-i  as  ion  Husistom.i* 

j (scrapes  to  t  allur'd 

j  J*jU  <j  Wo  lqht 

4b 

a 

Is  4 

S  i 

|  S00  WeijU 

i  i 

1 

20 

l 

Flare  Tost  on  S.njlo 

Wue.  I  EC  3  J2  -  2  Draf  r. 

,  Pass 

Fa.  1 

Fa.  i 

1  dab 

r  Coriosivit  y,  72-5 

1  It  alt . 

p»  i 

;• .  n 

4.1 

4.2 

jvY/iiiJuot  iVity  tiil.  ir: 

•>  1  so 

ii 

it; 
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more  rapid 

than  that 

of 

the 

nylon 

and  the  modified  PPO  compound.  The 
same  polyethylene  and  PVC  was  used 
for  the  results  obtained  in  Tables 
3  and  4  and  figures  4  and  5.  The 
performance  of  the  PVC  may  be  improved 
by  changing  the  formulation  but  the 

Table  4  -  Typical  Properties  of  PVC  and 
Polyethylene  at  0.18  and 
0.22mm  Radial  Thickness 


~~ — - — ^^Insulat  ion 

~~ - ^Material 

Property  ' — — — 

PVC 

Po  ly- 
e t  hylene 

Radial  thickness 
of  insulation 

Unaged 

Tensile  Stress  at 

0 . 1 8mm 

0 . 2  2mm 

Yield  MPa 

15.5 

10  .  0 

Tensile  Stress  at 

Break  MFa 

22. 7 

17.  0 

Elongation  at  Break  -s 

180 

4  12 

Aged  120  hrs  at  100°C 

Tensile  Strength  MPa 

25 . 6 

14 . 9 

Elongation  at  Break  i 

140 

365 

Volume  Resistivity  G-A.m 

2  3  °C 

IxlO4 

8x10° 

60  °C 

37 

IxlO6 

Dielectric  strength 

2,8  kV  1  min 

Pass 

Pass 

Breakdown  Voltage 

>  10kV 

>  lOkV 
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i  2  3  A  5  0  7  8 

AGEING  TIME  WEEKS  AT  100”C 


Figure  4  -  Ageing  Performance  of  the 
Insulation  at  lOO'C 

PVC  material  has  other  drawbacks  in 
the  requirements  for  this  product 
as  outlined  in  an  earlier  section. 

Over  the  duration  of  the  ageing 
tests  presented  in  Figure  4  the  modified 
PPO  compound  insulation  could  be 
stripped  from  the  conductor  using 
the  method  described  earlier. 

Table  3  shows  that  generally  the 
stripping  force  is  higher  for  the 
modified  PPO  compound  insulation  com¬ 
pared  to  that  of  the  other  materials. 

Polyethylene  insulation  at  0.1mm 
radial  thickness  has  very  good  elect¬ 
rical  properties  but  very  poor  abrasion 
prope  r t i es . 

Nylon  12  has  excellent  abrasion 
resistance  but  mferioi  electrical 
properties  compared  to  polyethylene 
and  PVC.  The  PVC  insulation  at  0.1mm 
radial  thickness  has  a  low  breakdown 
voltage.  For  the  modified  PPO  insul¬ 
ation  the  electrical  properties  are 
good  and  only  slightly  inferior  to 
polyethylene. 

Both  the  PVC  and  Nylon  12  insulat¬ 
ions  undergo  a  large  drop  in  volume 
resistivity  when  measured  at  23°C 
and  60°C.  This  is  illustrated  in 
Table  3  and  Figure  5. 

Comparing  the  flammability  charac¬ 
teristics,  the  PVC  compound  on  ignition 
produces  copious  amounts  of  black 
smoke  and  releases  corrosive  gases 
even  if  it  can  be  flame  retarded  suff¬ 
iciently  to  reduce  flame  propagation. 
Polyethylene  burns  very  freely  with 
low  smoke  evolut  ion  and  produces  drop 


lets  of  molten  burning  material  which 
on  falling  can  initiate  secondary  ignit¬ 
ion  points.  The  nylon  insulation  material 
used  is  not  flame  retardant. 

Thus  the  modified  PPO  insulation 
material  offers  some  promise  for  this 
application  because  at  the  insulation 
radial  thickness  of  0.1mm  it  has  good 
strength  characterist ics ,  good  electrical 
properties,  is  flame  retardant  and  does 
not  contain  halogens. 


»”c  vft  vft  i£c  USc. 

WATER  TEMPERATURE 


Figure  5  -  Volume  Resistivity  as  a 
Function  of  Temperature 

TIIF  MOP  1  FI  ED  PPO  MATERIAL 

A  mod i f led  polyphenylene  oxide  comp¬ 
ound  for  wire  and  cable  applications 
was  introduced  by  li.  Je  Munck  et  al 
at  the  1080  IWCS*  .  The  material  was 

proposed  as  having  a  high  degree  of 
flame  retardance,  low  evolution  of 
aggressive  fumes  on  burning,  good  mech¬ 
anical  and  electrical  properties  over 
a  broad  temperature  range  and  the  ability 
to  be  processed  into  thin  wall  insulation 
on  high  speed  insulation  lines. 

4 

II.  A.  Ma^er  et  al  discussed  the 
use  of  non  halogenated  flame  retardant 
materials  in  cable  designs  and  the  use 
of  a  modified  PPO  compound  as  an  insul- 
at  ion  material  for  telecommunication 
cables"1  . 

In  1983  a  new  grade  based  on  the 
above  material  was  introduced  for  which 
a  better  ageing  performance  was  claimed. 
The  material  properties  for  this  new 
grade  of  modified  PPO  material  named 
Noryl  PX1766  are  listed  in  Table  5. 

Typical  processing  data  for  the 

modified  PPO  material  has  been  described 
3.6,7_  These  also  present  data  on 

insulated  conductor,  of  the  mechanical, 
electrical  and  ageing  properties. 
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Table  5  -  Material  Properties  of_ 
Modified  PPO  Material 


Prope r  t  y 

Test  Method 

PX 1 7bb 

Spec  i  f  l  v  Gravity,  g  / 

ASTM  6792 

1 .04 

Limiting  Oxygen  index,  % 

A STM  D2  Bb  3 

32 

Temperature  index,  “C 

NES  715 

310 

Smoke  general  ion 

> 

-K laming  mode  D  max,  A  min. 

) ASTM  Ebb 2 

4  90 

-Smouldering  mode  D  max,  Is  min. 

) 

120 

Combustion  Gas  Corrosion 

{ Limit  20*),  * 

UTE  C  2  0  4  5  3 

1 .5 

Combustion  Gas  Corrosion 

) 

-pH  value  {limit^4.0)  ^ 

) VDE  04  72 

4  .  1 

-Conduct  iv  1 1  y  (  1  urut^l  00  )  ,  m 

) PART  Bl3 

12 

Dissipation  factor.  1  MHz 

) 

0 . 0045 

Relative  pei  it  t  :  v  1 1  y :  50  Hz 

) ASTM  D l 50 

2 . 7 

1MHz 

> 

2.6 

However,  all  the  above  discuss  the 
use  of  the  modified  PPO  material  at 
larger  wall  thicknesses  of  0.2-0. 3mm 
and  above.  When  the  material  is  processed 
down  to  the  very  low  radial  wall  thick¬ 
nesses  covered  in  this  paper  the  applic¬ 
ation  becomes  more  critical  and  several 
other  parameters  have  to  be  taken  into 
account  for  successful  processing. 

The  modified  PPO  compound  is  a  complex 
polymer  alloy  or  blend  consisting  of 
a  number  of  components.  These  components 
include  the  polyphenylene  oxide,  elast¬ 
omeric  deformation  modifier,  flame 
retardant,  processing  aids  and  stabiliser. 
The  components  of  the  material  are  dealt 
with  in  J  where  the  use  of  deformation 
modifiers  is  discussed. 

Examples  of  the  use  of  thermoplastic 
rubbers  based  on  styrene  of  the  S-EB- 
S  type  for  modification  of  engineering 
plastics  of  the  PPO  type  are  covered 
in  8 ' 9  . 

PROCESSING  OF  THE  MODIFIED 
PPO  MATERIAL  AT  0.1mm  RADIAL 
WALL  THICKNESS 

Extrusion  Equipment 

The  extruder  used  for  the  processing 
of  the  modified  PPO  material  at  0.1mm 
radial  wall  thickness  onto  0.4mm  conductor 
was  a  standard  60mm  20:1  L/D  machine 
of  common  use  in  the  wire  and  cable 
industry.  The  extrusion  line  was  suit¬ 
ably  equipped  with  standard  equipment 
for  high  speed  insulating. 

Heat inq/cooj i ng  systems  on  the  extruder 
barrel  and  die  need  to  be  accurately 
controlled  for  this  type  of  product. 
Control  of  insulation  diameter  is  also 
a  prerequisite  at  the  high  line  speeds 
used.  A  suitable  wire  preheater  of 
adequate  capacity  at  high  line  speeds 
is  an  essential  requirement  of  t  h  i  s 
line,  together  with  some  means  of  alter¬ 
ing  the  temperature  of  the  first  stage 
of  the  cooling  trough. 


Extruder  Temperature  Profile 

The  extruder  temperature  profiles 

used  have  been  in  the  range  from  200  °C 
to  275°C  with  melt  temperatures  in  the 
range  250°C  to  275°C. 

Reports  received  have  indicated  that 
extruder  barrel  temperatures  in  the 

range  220°C  (back  zones)  to  280°C 
(extruder  head)  with  melt  temperatures 
in  the  range  284°C-294°C  have  been  used 
for  the  extrusion  of  the  modified  PPO 
material  at  a  0.1mm  radial  thickness. 

The  following  results  show  that 
processing  at  a  higher  extruder  temper¬ 
ature  profile  may  lead  to  higher  insul¬ 
ation  elongation  but  also  could  result 

in  a  higher  insulation  stripping  force. 


Melt 

Temperature 


265  °C 
273  °C 


Radial 
Thickness 
( mn ) 

0.10 

0.10 


Insulat ion 
Elongat ion 

?. 

172 

206 


Stripping 
Force  ( N ) 


6.2 

8.9 


Conductor  Preheat  Temperature 

For  the  extrusion  of  the  modified 
PPO  material  at  the  low  radial  wall 
thicknesses  discussed  in  this  paper 
the  conductor  preheat  temperature  used 
is  important  in  obtaining  good  insul¬ 
ation  mechanical  properties. 


The  wire  preheat  temperature  affects 
the  adhesion  of  the  melt  to  the  copper 
wire  thus  influencing  the  stripping 
force  and  the  elongation  obtained. 

For  the  extrusion  of  the  modified 
PPO  material  at  0.1mm  radial  wall  thick¬ 
ness  conductor  preheat  temperatures 
in  the  range  50-90 °C  have  been  used 
for  the  results  obtained  in  this  paper. 


The  following  results  show  the  effect 
of  conductor  preheat  temperature  on 
the  elongation  (unaged)  and  stripping 
force  of  the  insulation,  processed 
at  the  same  line  speed  and  insulation 
cooling  conditions. 


Cond uo tor  Preheat 
Temperatui  c*  cC 

30 

50 

70 


Insulat  ion 
Elongat ion 

Ib2 

220 

240 


St  r i pp i ng 
Force  ( N ) 


7.4 
5.7 

6.5 


With  an  increase  in  the  wire  preheat 
temperature  the  elongation  increases 
but  the  stripping  force  appears  to  pass 
through  a  minimum  value. 

In  achieving  the  stripping  force 
values  no  treatment  of  the  conductor 
with  any  release  agents  was  used.  The 
use  of  a  particular  conductor  preheat 
temperature  may  also  not  be  optimum 
in  terms  of  the  insulation  elongation 
retention  value  after  ageing. 
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This  may  in  part  be  due  to  the  ageing 
process  and  in  part  to  the  very  thin 
coating  on  the  hot  wire  undergoing 
orientation,  shrinkage  and  cooling 
effects  immediately  after  exit  from 
the  d ie  . 

Line  Speed 

Line  speeds  used  for  processing  have 
ranged  from  500- 1 500m/min . 

An  increase  in  line  speed  generally 
leads  to  a  slight  increase  in  insulation 
elongation  at  a  particular  preheat 
temperat  ure . 


Elongation  (Unaged) 


Line  Speed 

500  m/rnin 
1000  m/min 


Line  speed  can  also  increase 
insulation  stripping  force. 

Line  Speed  Conductor  Stripping 

m/m  in  Preheat  Force  (N) 

Temp.  °C 


Insulation  Cooling  Conditions 


The  insulation  cooling  conditions 
can  be  modified  by  the  temperature  of 
the  water  in  the  first  cooling  trough 
and  by  altering  the  distance  of  the 
die  to  the  quench  point.  For  the  part¬ 
icular  die  design  used  these  factors 
can  affect  the  insulation  stripping 
force  obtained. 

The  effect  of  the  water  temperature 
on  the  stripping  force  is  shown  by  the 


f ol 1 owi ng  result. 

Water  Temperature 
of  First  Cooling 
Zone  "C 


St  ripping 
Force  (N) 


Bringing  the  first.  cooling  trough 
closer  to  the  die  increases  the  stripping 
force . 


with  some  change  in  the  above  parameters 
were  evaluated  for  the  surface  appearance 
of  the  insulation  on  extrusion.  The 
results  obtained  were: 


Insulation  surface  appearance 


A  Slightly  rough  at  the  higher  line 

speeds . 

B  Good  -  smooth 

C  Good  -  smooth 

D  Rough  at  all  line  speeds. 


Both  dies  B  and  C  produced  insulations 
with  smooth  surfaces. 


The  die  design  used  also  has  an  effect 
on  the  stripping  force  of  the  insulation. 
The  following  results  were  obtained 
from  various  trials  on  0.1mm  radial 
thickness  insulation  at  the  same  conductor 
preheat  temperature. 


Trial  Die  Stripping 

No.  Type  Force  (N) 

1  B  6.1 

C  5.7 

2  B  18.0 

(high  line  C  8.0 

speed ) 


With  die  design  B  the  stripping  force 
required  to  remove  the  insulation  from 
the  conductor  tends  to  be  higher.  Both 
dies  B  and  C  produced  insulation  of 
high  e longat ion . 

However,  the  use  of  a  particular 
die  may  affect  the  ability  to  remove 
the  insulation  from  the  conductor  after 
ageing  the  insulated  conductor  at  100°C 
for  5  days.  Thus  with  die  B  in  some 
cases  the  insulation  could  not  be  removed 
from  the  conductor  after  ageing.  Of 
course  if  the  conductor  is  prestretched 
10J,  prior  to  ageing  the  insulation  can 
be  removed  easily.  This  procedure  may 
not  be  required  if  the  appropriate  die 
is  used. 


Position  of  Stripping 

First  Cooling  Force  (N) 

Trough 

0.02m  to  Die  8.0 

1  m  to  Die  6.8 


Die  De  s  l  c 


For  the  thin  wall  insulation  of  the 
modified  PPO  compound,  pressure  type 
extrusion  dies  have  been  used.  In 

pressure  die  designs  the  design  criteria 
i nc 1 ude : 


1.  the  die  internal  angles 

2.  land  length  of  the  die 
1.  size  of  die  opening. 

Four  pressure  extrusion  dies  each 


Two  different  barrier  type  screws 
have  been  trialled  with  the  extruder 
described  ab  ive ,  the  essential  difference 
between  the  two  screws  being  the  channel 
depth.  Both  the  screws  produced  insul¬ 
ation  with  good  properties  at  similar 
processing  conditions. 

Screen  Packs 

For  the  successful  processing  of 
a  thin  radial  wall,  thickness  of  0.1mm 
the  modified  PPO  material  requires 
a  screen  pack  to  give  a  minimal  spark 
test  fault  result.  The  product  is 
usually  run  under  2kV  DC  spark  fault 
test  conditions.  For  the  processing 
conditions  used  the  screen  pack  selected 
gives  relatively  fault  free  results. 
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The  screen  pack  arrangement  normally 
used  has  the  finest  screen  size  larger 
than  200  mesh. 

The  use  of  very  fine  screen  packs 
may  affect  the  properties  of  the  insul- 
at ion . 

Screen  Pack  Insulation  Stripping 
Arrangement  Elongation  Force  (N) 

Unaged  % 

1  180  7.8 

2  160  10.3 

Screen  pack  2  is  a  finer  mesh  than 
screen  pack  1.  For  these  results  the 
other  extrusion  parameters  were  kept 
const  ant . 

Masterbat ches 

For  ident  if  icat  ion  m  the  cable  the 
individual  insulated  conductors  need 
to  be  coloured.  For  colouring  the 

modified  PPG  compound  colour  master - 
batches  were  used  at  a  level  up  to  3  * 
wt  ,'wt  .  The  type  of  masterbatches  used 
can  have  an  effect  on  the  insulation 
properties  as  the  following  results 
show : 

Masterbat cn  Insulation  Elongation 

Unaged  *  Aged  5  Days 

at  100°C,  « 

Polyolefin 

Type  200  130 

Polyst yrene 

Type  2  00  1 h 

Mat  e_i  : , i_l  UJ  can  i  i  ness 

I  ::  'tier  t  ■  >  'hr  a  :  n  i  i  < -chan  :  c ,i  , 
ar.  1  c  i  t*  ■  r  r  .  •  *a  !  pp-po?  *  t  i  » *  in*  0 . 1  :•  :* 

radial  »  h;  Kness  insular  :  n  > > f  t  hr 

:■  1  >d  :  *  ■  «*'i  :  •  ••  >mp<  'uml  The  material  :*us! 

t  *.  :  »*c  t  r  •  ■:  m  !  n  t  an  .  na*  .  -  -n  .  it  t  n»*  •  ♦* 

;s  any  -  -n  r  an  ;  rui*  oai  present  this  can 

have  severe  effects  especially  he. -a  use 
the  radial  Miiexness  is  s<*  snail.  The 
affected  pi- .pert  les  are  voluno  resis- 
tivity,  dioleetrie  strength  and  ageina 
prope  r  t  it?s. 

Table  n  shows  t  he  et  l*-nt  <>t  1  i  ne 

speed  on  volume  resist  tvity  and  dielo.-t  r  k 
strength  when  c*ont  am  mat  o-n  is  present 
in  a  batch  ot  t  he  raw  mater  nil  . 

The  presenee  of  foreign  mater  1  a  1 
causes  a  drop  in  volume  resist  ivity 
values  as  1  me  speed  is  increased  and 
prior  dielectric  strength  figures. 

RESULTS  OBTAINED 

Optimising  all  the  parameters  dis¬ 
cussed  in  the  previous  section  Table 
7  presents  typical  results  that  can 
be  achieved  in  processing  the  0.1mm 
radial  thickness  modified  PPO  compound 
on  0 . 4 nun  copper  wire. 


Table  6  -  Effect  of  Contamination  on 
Electrical  Prope rt les 


Line 

Speed 

Volume 

Resistivity 

Die  lect  ric^ 

G  rt 

m 

Strength,  i 

2  3  °  C 

60  °C 

2  3  0  C  1 

i 

500 

m/min 

lxlO6 

2xl05 

Passed 

2 . 8kV  lr.irij 

750 

m/m  i  n 

6xl04 

3xl04 

Failed  at  ' 

1x10  = 

2kV  i 

1000 

n/min 

7xl03 

Failed  at 

2  k  V 

Table  7  -  Results  at  Different  Line 
Speeds  (standard  batch; 


^^^^Line 

— 

L  ^Speed 

property 

iOOOr  /run 

I500r  r.:n 

L’naged  Values 

tensile  Stress 
is;  Break  MPa 

53.8 

53.7 

Elongation  at  Break  4 
lAged  Values  (Aged  120 

227 

213 

ihrs.at  100*0 

plongation  at  Break  % 

175 

172 

I*  Retention 

77 

81 

Stripping  Force  N 

5.2 

3.9 

Solute  Resistivity 

1  At  23 *C  On.  it: 

7x10= 

7x10;? 

At  60°C  GA  m 
dielectric  Strength 

7x10 

lxlO5 

2  kV  for  1  min 

Pass 

Pass 

Breakdown  Voltage 

5  kV 

5.5  kV 

Km  t  lie  above  no  spa:  k  tent  faults 
weie  <bt  timed  at  2  kV  In.*,  tile  extruder 
PPM  was  in  the  range  1  r>  -  2  and  t  lie 

ext  t  uder  amps  in  the  range  A  5  -  c)  r>  . 

Ifie  mast  ei  hat  rh  level  was  2.5  wt  .  wt  . 


Tab le  8  shows  : esul t  s  a • ' h  ;oved  dur » na 
a  -’abb-  product  i « -n  run  together  with 
t  ho  elect!  seai  proper!  les  -  1  the  comp  lot 
ed  abie.  The  elect,*  i  c,i  1  property 


r  equ  i  rep  ent  s 
in  r  o  f  e  re  n*  *es 


■  t  t  he 
1  , 2 


cab l e  at  e 


-  *oVe  !  ed 


HEHAVIotiR  i.'Ni *E R  EIRE  PoNlMTloNS 


As  mentioned  in  the  mt  induct  ion, 
for  these  1 ype  <d  cables  a  highly  flame 
retardant  f.  her  mop  1  ast  i  <  •  non  ha  1  >gena  f  ed 
material  is  to  replace  P'.V  as  the  sheath 
ma i p  r  i d 1  . 


The  use  ol  these  flame  retardant 
non  halogenated  materials  has  been 
described  *  3  and  over  the  last  few 

years  more  of  these  type  >d  materials 
have  appeared.  Two  <>f  these  materials 
were  list'd  to  sheath  3  2  wire  laid  up 
cores  of  the  0.1  rum  radial  thickness 
modified  I’pt'  material  insulat  ion  t  o 
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Table  8  -  Results  Achieved  on  a  Cable  Production  Run 


PROPERTY 

SPECIFICATION 

— 

MODIFIED  PPG  INSULATION 

RED 

YELLOW 

ORANGE 

BLUE 

white 

BLACK 

BROW,' 

GREEN 

AVERAGE  OF 

6  COLOURS 

Unaoed 

Tensile  Stress  at  Break  MPa 

35.0MPa  min 

44.3 

43.8 

45.0 

44.9 

42.1 

43.7 

42.0 

41.4 

43.4 

Elongation  at  Break  % 

130%  nun 

240 

236 

230 

235 

215 

210 

208 

210 

223 

Aoed  10CTC  for  120  Rrs. 

Elonaation  at  Break  % 

Min . 

225 

191 

220 

250 

219 

191 

172 

206 

209 

%  Retention 

60 f  of  Unaged 

94 

80 

96 

106 

102 

91 

83 

96 

94 

Stripping  Force  >  N 

2  -  12  N 

9.0 

e.s 

6.0 

6.5 

7.0 

4.0 

6.0 

8.5 

6.7 

Volume  Resistivity  , 

At  23  *C  GAmxlO 

Min.  lxlO4 

17 

17 

10 

6 

5 

2 

7 

15 

10 

At  60*C  OumxlO4 

C  A.  m  ^ 

Min.  1x10 

17 

5 

12 

15 

3 

17 

5 

10 

Average  Radial  Thickness  nm 

Minunun  Radial  Thickness  nm 

G/Lm 

0.091 

0.06 

0.090 

0.07 

0.096 

0.06 

0.101 

0.07 

0.091 

0.08 

0.096 

0.07 

0.091 

0.08 

0.101 

0.08 

0.095 

0.08 

Spark  Fault  Level  at  2 . OkV  DC 

1  Fault  /  -  km 

8 

6 

8 

6 

6 

22 

8 

15 

8  ( Lenoth  '  I 

{ Faults)  j 

Conductor  Size  *  0.400  nm 

Insulated  Conductor  OD  =  0.58  nm 

Total  Run  of  Insulated  Conductor  2000  km 


ELECTRICAL  PROPERTIES  OF  COMPLETED  CABLE  f* 


PROPERTY 

SPECIFICATION 

VALUE 

RESULT 

Mutual  Capacitance  nF/km 

60-80  nF/km 

Mean  72-73 

Insulation  Resistance 

Ha  km 

Min.  lxlO3  . 
MXLkm  at  20  C 

Lowest .Value 
1.4x10 

Capacitance  Unbalance 
pair  to  pair  pF 

Corrected  to 
500m  length 
Max.  150  pF 

Mean  7-17 

Max  123  pF 
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a  wall  thickness  of  min.  0.6mm  and  a 
cable  OD  of  6.5mm. 

The  properties  of  the  two  materials 
have  been  detailed  10,11  while  Table 
9  shows  the  on  cable  results  obtained. 
Comparison  is  made  with  a  PVC  sheath 
of  the  same  dimensions  used  for  this 
applicat ion . 

Table  9  -  Comparison  of  Sheath  Materials 


Material 

Property  ^  v. 

Sheath 
Material  1 
SM-1 

Sheath 
Material  2 
SM-2 

PVC 

Tensile  Properties 

Cnaaed 

'.ensile  Stress  at 
Break  MPa 

9.3 

16.7 

18.3 

Elongation  at 

Break  4 

330 

165 

245 

Aaed  120  hrs  100*C 
Elongation  at 

Break  « 

220 

140 

260 

Combustion  test  at 
264  Oxygen 

Pass 

Pass 

Pass 

Oxygen  Index 

48 

40 

30 

Corrosivity 

BS  24  Draft 

PH  _ 

4 . 0 

4  .  1 

2.0 

Conduct ivity ^ S . cm 

40 

20 

4500 

The  test  procedure  for  the  above 
tests  are  outlined  in  1 . 

To  evaluate  the  behaviour  of  the 
insulations  and  sheathing  materials 
in  a  fire  situation  the  insulated  con¬ 
ductors  and  completed  cables  were  sub¬ 
jected  to  fire  tests. 

The  fire  test  in  Australian  Standard 
AS1530.3  "Test  for  Early  Fire  Hazard 
Properties  of  Materials"  was  developed 
for  the  assessment  of  building  materials 
but  in  this  instance  was  adapted  to 

assess  cable  behaviour  in  a  fire. 

The  test  classifies  the  samples  under 
test  in  terms  of  index  numbers  for 
ignitability ,  spread  of  flame,  heat 
evolved  and  smoke  developed. 

In  the  test,  cable  samples  covering 
an  area  600  x  450mm  in  a  panel  form 
were  held  in  a  vertical  plane  parallel 
to  a  radiant  heater  and  moved  towards 
the  heater  in  steps,  from  an  initial 

distance  of  850mm,  over  a  20  mm.  period 
or  until  ignition  induced  by  a  pilot 
flame  occurred. 

For  the  cable  size  used  50  lengths 
were  reguired  to  cover  the  surface  of 
the  sample  panel.  When  insulations 

were  tested,  again  50  lengths  of  32 
wire  cores  of  insulation  were  used. 

The  apparatus  is  shown  in  Figure  6. 

Table  10  shows  the  samples  tested  while 
Table  LI  gives  the  results  obtained. 


Figure  6  -  Apparatus  for  AS1530.3 
Fire  Test 

The  radiant  panel  is  300mm  sguare 
in  size  and  is  calibrated  to  give  an 
intensity  of  radiant  heat  of  2.4kW/m2 
as  measured  by  the  radiometer  at  a 
distance  of  850mm  in  front  of  the  panel. 

The  test  is  terminated  after  20 
mms.  if  no  ignition  occurs,  120  secs 
after  ignition  if  during  this  period 
the  radiometer  records  a  rise  of  1.4kW/m2 
or  any  time  up  to  203  secs  max  after 
ignition  when  a  rise  of  1.4kW/m2  occurs. 

Table  10  -  Samples  Tested 


Sample 

Ccnposi 

tion 

Core 

Conductor 

Radial 

Insulat ion 

Sheath 

Cable 

Diameter 

Thick. 

OD 

1 

32  Wire 

0.4tTm 

0.  lirm 

PVC 

PVC 

6. 5mn  1 

2 

32  Wire 

0.4mn 

0 .  lirm 

PPO 

34-2 

6. 5fTTT!  1 

3 

32  Wire 

0.4rrm 

0. 1mm 

PPO 

34-  1 

6. 5mn  j 

4 

32  Wire 

0.4irm 

0.  lnm 

PVC 

_ 

_ 

5 

32  Wire 

0.4fim 

0 .  lirm 

PPO 

_ 

_ 

6 

— 

32  Wire 

0.4rmt 

0. 1mm 

PE 

- 

- 

The  indices  in  Table  11  are  defined 
as  follows: 

ignitability  index  =  20  -  TIME  for 
ignition  (mi  is),  from  0-20. 
spread  of  flame  index  »  1.33  x  TIME 
from  ignition  point  for  1.4kW/m2  to 
be  reached  (secs),  from  0-10. 
heat  evolved  index  =  heat  evolved  integral 
for  2  mins  after  ignition  KJ/m2  from  0-10. 
smoke  developed  index  «  max.  smoke  dev¬ 
eloped  (optical  density/metre ) in  1  min. 
period  during  the  test,  from  0-10. 

Table  11  gives  the  indices  and  the 
actual  values  obtained.  The  relationships 
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between  the  two  can  be  found  in  AS1530.3. 

The  modified  PPO  compound  insulation 
did  not  ignite  under  the  conditions 
of  the  test  but  it  had  a  higher  smoke 
level  than  the  polyethylene  insulation 
which  even  as  a  0. 1/0.4  construction 
burnt  very  fiercely  evolving  the  most 
heat  much  more  than  the  cable  con¬ 
structions  and  had  the  fastest  rate 
of  flame  spread.  During  the  test  the 
polyethylene  insulation  formed  a  burning 
pool  at  the  base  of  the  test  chamber. 

Table  11  -  AS1530.3  Results 


Swple 

Ignitability 

I  T  ine 

Mi/lS 

— 

Spread 
cf  Flare 

I  Tire 
Secs 

Heat 

Evolved 

I  KJ/m2 

areike 

Developed 

I  %  Obs 

Test 

Durat :  jii 

Mens 

1 

15 

5.2 

0 

>27Q 

0 

23 

8 

54 

8.2 

2 

13 

6.6 

0 

>270 

2 

69 

5 

12 

10.5 

3 

13 

6.0 

0 

>270 

2 

54 

4 

7 

10.3 

4 

12 

7.9 

0 

>270 

1 

34 

7 

50 

11.4 

5 

0 

Did  not 
Iqnite 

0 

“ 

0 

0 

5 

15 

20 

6 

10 

9.4 

8 

48 

7 

180 

5 

12 

11.4 

Nort:  *  Obs  =  ?  Obscuration,  I  =  Index. 


If  the  test  simulates  a  fire  front 
approaching  a  bank  of  cables  it  can 
be  seen  that  the  PVC  cables  will  ignite 
first  developing  the  highest  smoke 
density,  although  the  heat  evolved 
is  lower  than  for  the  flame  retardant 
halogen  free  sheathing  materials. 
However,  in  the  latter  case  the  smoke 
developed  is  very  low  and  no  corrosive 
lases  are  present. 

dot  ermine  the  smoke  level  prod¬ 
uced  when  the  sample  is  burnt  by  a 
t  lame  as  dist  met  1  rum  a  radiant,  panel 
>wo  pieces  fit  each  sample  in  Table 
!"  120mm  Inna  were  burnt,  in  a  chamber 

0.7m*  volume  tltsri  i  bed  in  NFS  713 
The  samples  were  burnt  with  a  lunsen 
burner  Fitted  with  a  tan  shaped  cone 
t  1 1  spread  t  he  f  1  ante  . 

Flame  temperature  was  measured  at 
between  7ri0-H00  0 .  I'h  i  s  ensured  the 
whole  sample  was  burnt  .  The  chamber 
was  f  it  ted  with  a  1  ight  source  and 
detector  .  Table  12  shows  t  tie  nbscur- 
at  ion  results  obtained  when  the.  samples 
:n  Tati  J  e  10  were  tested. 

Table  12  -  Smoke  mbscurat  ion  Results 
S  i”  p  1  e  b  sourat  ;  on 

h 

i  i  a  4 

ti 

1  7  2 

2  0 


The  results  an  Table  12  show  that 
the  modified  PPO  insulation  material 
when  subjected  to  a  flame  burns  with 
high  smoke  evolution  but  this  can  be 
overcome  in  a  cable  construction  by 
using  a  sheath  of  the  type  SM-1,  SM-2. 

The  low  smoke  level  of  these  sheath 
materials  is  again  apparent. 

To  test  the  fire  behaviour  of  the 
samples  in  bunched  cable  arrangements 
IEEE  383  was  used.  A  flame  temperature 
of  approximately  8D0-850°C  was  used 
and  6x8  ft.  lengths  of  samples  1-5  in 
Table  10  were  tested.  One  half  of 
the  cable  diameter  was  the  spacing 
distance  between  the  individual  lengths. 

All  samples  passed  the  test. 

To  increase  the  volume  of  combustible 
materials  5  layers  of  11  cables  each 
layer  were  tied  to  the  ladder.  Cable 
samples  1,  2  and  3  of  Table  10  were 

tested.  This  number  of  cables  make 
up  1.5  litres/metre  of  combustible  mat¬ 
erial  which  is  the  volume  specified 
in  IEC  332  Pt .  3  Category  C.  On  testing 

with  this  volume  all  the  cables  passed 
the  IEEE  383  test. 

CONCLUSION 

For  thin  wall  extrusion  0.1mm 
(3-4  mil)  higher  strength  materials 
are  reguired.  The  material  requirements 
of  mechanical,  electrical,  flame  ret- 
ardance  and  non  halogen  severely  limits 
the  number  of  possible  materials  for 
this  application.  The  modified  PPO 
which  although  more  difficult  to  process 
possesses  many  of  the  desired  properties. 
Processing  parameters  required  for 
successful  extrusion  have  been  outlined. 
Together  with  a  halogen  free  highly 
flame  retardant  sheath  a  suitable  cable 
for  indoor  telephone  exchange  wiring 
can  be  produced . 
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INTRODUCTION 

NTT  has  developed  halogen-free  flame- 
retardant  telecommunication  cables,  which 
use  metal  hydroxide-filled  sheath  material. 
These  were  installed  in  cable  tunnels  in  a 
commercial  test. 

This  test  revealed  a  peculiar  phenomenon, 
the  turning  white  of  cable  sheath  in  deep 
cable  tunnel.  After  careful  inspection  it 
was  discovered  that  there  were  two  phenomena 
involved,  the  growth  of  mold  and  the  deposition 
of  metal  carbonate. 

Tests  showed  the  mold  to  be  a  kind  of 
trichoderma.  It  was  found  that  certain  agents 
have  a  tendency  to  grow  mold,  and  that  the 
deposition  was  a  result  of  reaction  with  carbon 
dioxide  and  water  in  the  air. 

These  phenomena  are  suppressed  by 
elimination  of  susceptible  agents  and  by 
careful  selection  of  the  base  polymer  and 
extruding  agents. 


BACKGROUND 

NTT  has  developed  halogen-free  flame- 
retardant  telecommunication  cables,  and  has 
been  installing  them  in  cable  tunnels  since 
August  1985.  They  now  extend  over  2,400  km. 

The  occasion  for  this  development  was 
a  serious  cable  fire  in  front  of  a  Tokyo 
telephone  office  in  November  16,  1984.  The 

fire  damaged  the  whole  subscriber  loop  of 
the  telephone  office,  damaging  more  than 
89,000  lines.  Restoration  of  services  required 
up  to  ten  days.  The  social  effects  of  this 
fire  were  so  serious  that  NTT  has  changed 
the  cable  joint  method  from  lead-tube  to 
mechanical  closures.  Moreover,  the  halogen- 
free  flame-retardant  cables  are  now  being 
installed  in  cable  tunnels  rather  than 
non-flame-retardant  cables  as  formerly. 


REPORT  AND  ANALYSIS  OF  PHENOMENA 

In  early  autumn  of  1986,  about  one  year 
after  the  first  installation  of  halogen-free 
flame-retardant  cable,  reports  appeared  of 
a  peculiar  phenomenon,  the  turning  white 
of  cable  sheath,  occurring  with  halogen-free 
flame-retardant  cable  in  deep  cable  tunnels 
in  central  Tokyo.  After  this  report,  careful 
inspection  of  the  cable  sheath  was  made 
in  Tokyo  and  other  big  cities,  Sapporo,  Nagoya 
and  Osaka,  and  surface  samples  were  collected 
from  the  sheath. 

Biological  and  chemical  analyses  were 
carried  out  to  ascertain  the  mechanism  of  this 
phenomenon,  and  the  temperature  and  humidity 
were  measured  continuously  to  gauge  the 
conditions  in  the  cable  tunnel.  As  a  result, 
we  found  that  the  humidity  in  the  cable  tunnel 
is  very  high,  and  discovered  that  two  phenomena 
are  actually  involved:  the  growth  of  mold  and 
the  deposition  of  metal  carbonate  (Figure  1). 


Figure  1  Appearance  of  mold  and 
deposition  phenomena 
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CONDITION  OF  CABLE  TUNNEL 

Temperature  and  humidity  in  the  cable 
tunnel  were  measured  so  that  the  phenomena 
could  be  reproduced  in  the  laboratory  (Figure 
2).  The  temperature  is  almost  constant,  about 
19'C,  but  the  humidity  is  very  high  and  shows  an 
up-and-down  curve.  This  change  of  humidity  is 
caused  by  the  air  ventilation.  The  ventilation 
system  is  activated  when  a  cable  installation 
crew  enters  the  tunnel  or  by  timer  operation, 
and  the  humidity  is  decreased.  Sometimes  water 
accumulates  on  the  cable  surface  because  of  the 
condensation  of  water  in  the  air,  and  sometimes 
this  water  is  dried  by  the  flow  of  air. 


one  day 

Figure  2  Temperature/Humidity 
in  cable  tunnel 


MOLD  GROWTH 


Two  analyses  were  conducted  regarding 
mold.  First,  the  kinds  of  mold  were  examined 
to  determine  the  effects  of  the  mold  on  cable 
sheath  and  on  the  human  body.  Second,  research 
was  undertaken  to  find  the  material  in  the 
sheath  compound  responsible  for  mold  growth. 

Separation  and  incubation  tests  snowed 
the  mold  to  be  a  kind  of  trichoderma,  a  common 
fungus  normally  found  in  soil.  There  are 
no  reports  about  the  harm  to  cable  sheath  or 
to  human  health  (Figure  3). 


Figure  3  Mold  incubation  test 


Incubation  tests  in  the  laboratory, 
using  several  sample  sheets  of  halogen-free 
flame-retardant  compound  having  different 
combinations  of  materials,  showed  that  a 
certain  extruding  agent  is  closely  related 
with  the  growth  of  mold  on  the  surface  of 
the  sheet  (Table  1;  Figure  4).  Next,  two 
sample  cable  pieces,  one  containing  a  suspect 
extruding  agent  and  the  other  containing 
no  such  agent,  were  installed  in  deep  cable 
tunnels.  Observations  were  taken  after  13  days, 
45  days  and  280  days.  Observation  after  13  days 
showed  light  mold  growth.  After  45  days  and 
280  days  mold  growth  was  evident  on  the  first 
sample  cable  piece,  but  none  on  the  second 
piece  (Figure  5). 

These  experiments  indicate  that  it  is 
possible  to  eliminate  agents  tending  to 
grow  mold  by  testing  sample  sheets  in  the 
laboratory,  without  the  need  to  perform 
tests  in  cable  tunnel. 


Table  1  Incubation  test  using  different 
combination  of  agents 
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DEPOSITION  OF  METAL  CARBONATE 


1 

— Jk 


L 


(a)  compound  A  (b)  compound  B 


Figure  4  Mold  grovrth  in  incubation  test 
using  different  combination  of  agents 


(b)  45  days 


(c)  280  days 


Figure  5  Mold  growth  observation 
in  cable  tunnel 


Deposition  samples  were  analyzed  by 
infrared  spectrophotometry,  X-ray  diffraction 
and  lumination  analysis.  These  showed  the 
samples  to  be  a  deposition  of  basic  metal 
carbonate.  Such  deposition  was  found  in  high- 
humidity  locations  in  cable  tunnels.  Thus 
temperature/humidity  cycle  tests  of  sample 
sheets  under  carbon  dioxide  conditions  were 
conducted  in  an  attempt  to  duplicate  this 
deposition  in  the  laboratory  (Figure  6).  After 
four  test  cycles,  over  a  period  of  24  hours, 
the  sample  sheets  turned  white  (Figure  7). 
The  deposition  material  was  determined  to  be 
the  same  as  that  noted  on  cables  in  cable 
tunnels.  This  test  shows  that  the  deposition 
is  a  result  of  the  reaction  with  carbonic 
acid  gas  and  water  in  the  air  (Figure  8). 

Several  sample  sheets  were  tested  under 
high-humidity  and  carbon  dioxide  conditions 
to  evaluate  the  deposition  tendency.  The  amount 
of  deposition  was  determined  by  measuring  the 
mass  of  the  sheets,  since  the  deposition 
increase  the  mass  of  sheets  by  reaction. 
Importantly,  some  sheets  had  less  deposition 
than  others,  depending  on  the  selection  of 
the  base  polymer  and  extruding  agents  (Figure 
9).  The  difference  was  confirmed  visually  in 
the  temperature/humidity  cycle  test  (Figure  10). 


Figure  6  Temperature/Humidity  cycle  test 


Figure  7  Reproduced  deposition 
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FURTHER  STUDY 


11,0  +  CO 


The  halogen-free  flame-retardant,  sheath 
material  is  a  recent  development.  We  are 
therefore  continuing  with  the  following 
studies: 
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(1)  estimation  of  long-term  reliability, 

(2)  Increasing  mechanical  strength  and 

(3)  application  to  aerial  cables. 


Figure  8  Reaction  with  carbon  dioxide 
and  water 
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CONCLUSION 

Halogen-free  flame-retardant  compounds 
which  have  certain  extruding  agents  are  easily 
susceptible  to  mold  growth  under  the  high- 
humidity  conditions  found  in  cable  tunnels. 
Laboratory  tests  confirmed  that  it  is  possible 
to  eliminate  these  agents  by  testing  sample 
sheets. 

In  addition,  metal  hydroxide  in  halogen- 
free  compounds  can  cause  the  deposition  of 
basic  metal  carbonate  as  a  result  of  the 
reaction  with  carbon  dioxide  and  water  in 
the  air.  This  deposition  appears  as  a  bright 
white  deposit  on  the  black  cable  sheath. 
This  deposition  can  be  suppressed  by  careful 
selection  of  the  base  polymer  and  extruding 
agents. 


Figure  9  Deposition  vs  material 
combination  selection 


(a)  original  (b)  improved 
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ABSTRACT 

Elevated  temperature  (400— 600c,C) 
life-time  performance  data  of  nickel 
plated  copper  conductors  were  obtained 
under  the  conditions  of  (1)  continuous 
elevated  temperature  (Thermal  Aging)  and 
(2>  cycled  heating  and  cooling,  current 
load  and  vibration  (HCV).  Under  Thermal 
Aging  conditions,  conductor  life  as  a 
function  of  temperature  was  inversely 
proportional  to  plating  thickness  up  to  a 
transition  range  of  500-600  **C,  and  at 
higher  temperatures  became  directly  pro¬ 
portional.  This  behavior  is  believed  to 
be  the  combined  effects  of  diffusion  and 
oxidation  each  being  predominant  at  dif¬ 
ferent  temperatures.  Under  HCV  condi¬ 
tions,  conductor  life  as  a  function  of 
temperature  was  directly  proportional  to 
plating  thickness. 


1.0  INTRODUCTION 

Historically,  nickel  plated  copper 
conductors,  due  to  their  inherent  physi¬ 
cal  stability,  have  been  widely  used  in 
elevated  temperature  applications.  De¬ 
spite  such  long  term  industrial  usage, 
relatively  little  data  has  been  accumu¬ 
lated  relating  nickel  plate  thickness  to 
conductor  performance  at  elevated  temper¬ 
atures.  This  lack  of  information  has  led 
the  end  user,  in  many  instances  to  spec¬ 
ify  a  27%  by  weight  nickel  coating  on 
copper  conductors  for  utilization  at 
temperatures  above  260  **C.  As  a  result, 
they  may  be  sacrificing  substantial  cost 
savings  as  well  as  other  properties  such 
as  conductivity  in  applications  where  the 
use  of  a  conductor  with  a  lower  nickel 
coating  thickness  could  have  satisfied 
their  performance  criteria.  Further,  the 
difficulty  in  producing  a  clad  or  elec¬ 
troplated  27%  nickel  coated  copper  has 
tradi ti onal 1 y  led  to  procurement  prob¬ 
lems. 

The  purpose  of  this  investigation  is 
to  generate  data  which  can  relate  ele¬ 
vated  temperature  performance  to  nickel 
plate  thickness  on  copper  conductors.  The 
benefits  of  the  investigation  are  three¬ 
fold: 


1.  The  generation  of  quantitative  ele¬ 
vated  temperature  per-formance  data 
for  nickel  coated  copper  conductors 
from  which  the  end  user  can  base 
product  design; 

2.  Substantial  cost  saving  to  the  end 
user  if  lower  coating  thicknesses 
can  be  shown  to  satisfy  design 
requirements;  and 

3.  The  potential  for  greater  avail¬ 
ability  of  nickel  coated  conductors 
for  high  temperature  applications. 


2.0  EXPERIMENTAL  PROCEDURE 
2.1  Material 

Conductors  of  22  AWG  (19/34)  CDA  107 
with  nickel  plates  of  67.,  117.,  157.,  207., 
and  247.  by  weight  <2.54,  4.44,  6.35, 
8.25,  and  10.16  um  thicknesses,  respec¬ 
tively)  were  used  for  all  testing  in  this 
investigation.  Silver  bearing  copper  CDA 
107  was  chosen  for  its  thermal  stability. 
Prior  tests  involving  oxygen  free  copper 
CDA  102  have  revealed  adverse  thermal  ef¬ 
fects  due  to  annealing  above  250  °C  Cl  3. 
All  conductors  were  insulated  with  a  ce¬ 
ramic  braid  rated  at  1000°C. 

2*2  Experimental  Procedure 

Samples  of  each  nickel  plating 
thickness  were  monitored  for  resistivity 
changes  at  elevated  temperatures  under 
test  conditions  of  (1)  continuous  el¬ 
evated  temperature  exposure  (Thermal  Ag¬ 
ing)  and  (2)  simultaneously  imposed  ambi¬ 
ent  heating,  current  load  and  vibrational 
stress  in  a  repeated  on/off  cycle  (HCV 
Si mul at ion) . 

The  comparison  between  the  conduc¬ 
tors'  performance  in  these  test  condi¬ 
tions  were  used  as  an  indication  of  the 
additional  effects  of  applied  stress  and 
current  loading  in  conjunction  with  ele¬ 
vated  temperatures  on  the  conductors' 
life  span. 
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2.2.1.  Thermal  Aging 

In  the  Thermal  Aging  test,  the  sam¬ 
ples  were  exposed  to  a  continuous  temper¬ 
ature  of  475  -C,  575  “C,  and  650  “C 
through  ambient  heating.  A  minimal  cur¬ 
rent  of  0.2  amps  Mas  continuously  applied 
to  obtain  voltage  drop  readings  on  the 
samples  Mithout  current  heating. 

The  experimental  sat  up  consisted  of 
a  furnace,  DC  power  supply,  and  sample 
support  (Fig.  la).  Three  15"  long  speci¬ 
mens  of  each  plate  thickness  were  placed 
in  the  tube  furnace  in  a  series  circuit. 
The  terminals  of  each  wire  and  the  ring 
tongue  crimp  contacts  were  outside  the 
furnace.  Thus  only  the  insulated  conduc¬ 
tor  was  exposed  to  the  Thermal  Aging 
test.  The  voltage  drop  of  each  specimen 
was  continuously  recorded  on  a  30  channel 
hybrid  data  logger. 

Testa  were  run  until  the  samples  ex¬ 
hibited  a  1007.  increase  in  voltage  drop 
at  which  point  the  specimen  was  consid¬ 
ered  to  have  failed. 

2.2.2.  HCV  Simulation 

In  HCV  Simulation,  the  nickel  plated 
samples  were  tested  under  conditions  of 
elevated  temperature,  current  load,  and 
mechanical  vibrational  stress.  These  fac¬ 
tors  were  simultaneously  imposed  and  con¬ 
tinuously  cycled  on  a  repeated  ten  hour 
"on"  period  followed  by  a  two  hour  "off" 
period.  Test  temperatures  of  400  **C,  525 
“C  and  650  "C  were  employed  in  the  inves¬ 
tigation.  The  temperatures  were  a  result 
of  ambient  heating  and  Joule  heating  due 
to  a  direct  current  load  of  4.5  amps.  A 
55  Hz  vibration  was  applied  to  the  sample 
support  to  supply  the  vibrational  stress. 

Specimens  (B"  long)  with  pure  nickel 
crimp-type  ring  tongue  terminals  (rated 
at  650  -C )  attached  at  each  end  were 
mounted  on  a  stainless  steel  tube  speci¬ 
men  chamber.  The  external  end  supports  of 
the  tube  were  mounted  on  grommet-type  vi¬ 
bration  isolators  and  the  specimen  area 
was  placed  inside  a  tube  furnace  (Fig. 
lb).  The  entire  connector  assembly  (wires 
and  crimp  contacts)  was  exposed  to  HCV 
Simulation  conditions.  To  facilitate 
cooling,  air  was  circulated  inside  the 
steel  tube  during  the  "off"  cycle.  An 
electromagnetic  vibrator  was  mounted  to 
the  specimen  support  to  provide  the  me¬ 
chanical  stresa. 

Three  specimens  of  each  sample  type 
were  employed.  They  were  connected  in  se¬ 
ries  and  energized  with  a  constant  cur¬ 
rent.  Tie  voltage  drop  was  measured 
across  each  specimen  and  continuously 
recorded  on  a  30  channel  hybrid  data  log¬ 
ger.  The  conductor  test  temperature  was 
monitored  utilizing  a  0.005"  diameter. 


glass  braid  insulated,  chromel-alumel 
thermocouple  bonded  to  the  surface  of  the 
conductor  with  an  electrically  insulating 
thermally  conductive  epoxy. 

The  voltage  drop  across  each  sample 
was  continuously  recorded  until  a  mechan¬ 
ical  failure  or  a  1 00X  increase  in  volt¬ 
age  drop  (100X  increase  in  resistance) 
was  observed. 


2.3  Sample  Analysis 

Wire  samples  were  stripped  of  their 
insulation,  then  mounted  and  polished  us¬ 
ing  standard  metal lographi c  techniques 
for  evaluation  of  transverse  cross  sec¬ 
tions. 

Samples  were  also  macroscopi cal  1 y 
observed  to  note  the  general  condition  of 
the  specimens  after  conditioning. 

3.0  EXPERIMENTAL  RESULTS 

All  experimental  data  were  statisti¬ 
cally  analyzed  using  linear  and  non-lin¬ 
ear  regression  techniques. 

Arrhenius  expected  life  equations  as 
a  function  of  time  and  temperature  were 
developed  for  each  plate  thickness.  These 
equations  were  used  to  extrapolate  ex¬ 
pected  life  up  to  50,000  hours.  This  data 
was  then  used  to  determine  the  tempera¬ 
ture  rating  of  the  conductors  as  a  func¬ 
tion  of  plate  thickness  based  on  the  end 
of  life  criteria  of  mechanical  failure  or 
an  increase  in  voltage  drop  of  100X. 


3. 1  Thermal  Aging 

The  percentage  voltage  drop  in¬ 
crease  of  the  samples  with  respect  to 
time  for  each  plate  thickness  at  the 
three  test  temperatures  (475  "C ,  575  ”C 
and  650  “C>  are  shown  in  Figures  2a-c. 
The  points  graphed  are  averages  of  the 
values  extracted  from  the  raw  data  for 
the  three  samples.  Samples  aged  at  475 
**C  did  not  fail  after  4800  hours  and 
therefore  were  extrapolated  using  best- 
fit  regression  analysis.  Table  la  summa¬ 
rizes  the  times  to  failure  at  each  test 
temperature. 

The  values  in  Table  la  were  used  to 
extrapolate  the  expected  life  for  each 
of  the  plating  thicknesses.  Regression 
analysis  suggested  an  Arrhenius  type 
behavior,  with  correlation  coefficients 
of  0.9S6  to  0.998  as  shown  in  Figure  3a. 

Data  from  the  Arrhenius  expected 
life  curves  were  also  used  to  develop 
the  extrapolated  temperature  rating 
curves  up  to  50,000  hours  shown  in  Fig¬ 
ure  4a. 
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The  results  of  the  Thermal  Aging 
experiment  indicate  three  types  of  be¬ 
havior  depending  on  the  temperature 
range.  At  low  temperatures ,  time  to 
failure  is  inversely  proportional  to 
plate  thickness,  at  higher  temperatures 
the  relationship  is  directly  propor¬ 
tional,  and  at  intermediate  temperatures 
the  relationship  depends  upon  the  plat¬ 
ing  thickness. 

Microscopic  examination  of  thermally 
aged  samples  at  475  “C  as  seen  in  Figures 
5a  and  5b  revealed  diffusion  layers  at 
the  copper-ni ckel  interface. 

Oxide  layers  were  also  observed  on 
all  conductors  tested  at  575  °C  and  650 
°C.  Samples  with  lower  nickel  coating 
thicknesses,  showed  relatively  thicker 
oxide  layers  as  shown  in  Figures  6a  thru 
6d . 


3.2  HCV  Simulation 

The  percentage  voltage  drop  ir.crease 
with  respect  to  time  for  each  of  the 
plate  thicknesses  at  the  three  test  tem¬ 
peratures  (400  “C,  525  °C  and  650  °C>  are 
shown  in  Figures  2d-f .  The  points  graphed 
are  the  averages  of  the  values  from  the 
three  samples.  In  HCV  Simulation,  expo¬ 
sure  to  high  temperatures  caused  me¬ 
chanical  failures  to  occur  with  more  in¬ 
stances  at  lower  plate  thicknesses.  At 
the  400  “C  temperature,  the  highest  plate 
<i0.16um)  samples  did  not  fail.  These  re¬ 
sults  were  extrapolated  to  end  of  life 
using  regression  analysis. 

The  test  data  appears  to  initially 
follow  a  logarithmic  behavior  which  then 
changes  to  exponential  with  increased 
time.  Table  lb  contains  the  times  to 
failure  at  each  test  temperature. 

Assuming  .-n  Arrhenius  expected  life 
behavior,  the  ex trapol ati ons  of  expected 
life  are  graphed  in  Figure  3b  with  corre¬ 
lation  coefficients  of  0.887  to  0.997. 
Figure  4b  indicates  the  extrapolated  tem¬ 
perature  rating  of  the  conductors  up  to 
50,000  hours  as  a  function  of  plate 
thickness  and  temperature. 

The  results  have  a  common  trend  that 
times  to  failure  are  directly  propor¬ 
tional  to  plate  thickness  at  any  tempera¬ 
ture. 

Visual  examination  of  the  conductors 
revealed  that  higher  nickel  plating 
yielded  relatively  less  oxidation  at  each 
test  temperature.  On  the  surface  of  the 
samples  having  8.25  and  10.16  urn  plating 
thicknesses,  yellow-red  regions  were  ob¬ 
served.  Thick  oxide  layers  were  observed 
on  all  conductor  surfaces  tested  at  650 
°C. 

Metal  1 ogr.phical  examination  of  the 
copper  conductors  with  2.54  urn  plating 


thickness  tested  at  400  **C  and  525  °C  re¬ 
vealed  a  diffusion  layer  with  no  free 
nickel  as  shown  in  Figures  7a  and  7b.  The 
conductors  with  10. 16  um  nickel  plating 
thickness,  exposed  at  the  same  tempera¬ 
tures,  revealed  an  intermediate  diffusion 
layer  with  free  nickel  as  shown  in  Fig¬ 
ures  7c  and  7d. 


3.3  Comparative  Test  Results 

Examination  of  the  data  reveals  that 
all  the  samples  subjected  to  HCV  Simula¬ 
tion  failed  sooner  than  samples  subjected 
only  to  Thermal  Aging.  The  rate  at  which 
the  voltage  drop  changed  in  the  samples 
Thermally  Aged  decreased  in  the  later 
stages  of  life.  This  is  radically  dif¬ 
ferent  for  the  HCV  samples  which  exhib¬ 
ited  a  rapid  rise  in  the  rate  of  voltage 
drop  increase  just  prior  to  sample  fail¬ 
ure. 


4.0  DISCUSSION 

Figures  2a  thru  2f  indicates  that  an 
increase  in  test  temperature  results  in  a 
decrease  of  the  time  to  failure  at  all 
nickel  plating  thickness  for  both  the 
Thermal  Aging  and  HCV  Simulation  tests. 
Voltage  drop  increases  under  these 
experimental  conditions  can  be  attributed 
to  diffusion  or  alloying  of  the  nickel 
coating  with  the  copper  base  metal  as 
well  as  oxidation  of  the  nickel  coating. 

As  seen  in  Figures  4  and  6,  all  sam¬ 
ples  exhibit  a  diffusion  layer  after  ex¬ 
posure  to  elevated  temperatures.  The 
thickness  of  the  diffusion  layer  was  di¬ 
rectly  proportional  to  the  test  tempera¬ 
ture  and  thickness  of  the  nickel  plating. 

Oxidation  is  also  a  contributing 
factor  with  more  intense  oxidation  caus¬ 
ing  a  higher  resistivity  increase  and 
lower  time  to  failure.  Oxidation  was  ob¬ 
served  to  be  more  intense  with  less 
nickel  plating  thickness  and  at  higher 
temperatu  _es. 

4. 1  Thermal  Aging 

Figures  2 a  thru  2c  show  the  results 
of  the  percent  voltage  drop  increase  with 
respect  to  time  for  each  of  the  plating 
thicknesses.  At  the  475  **C  test  tempera¬ 
ture,  the  lowest  nickel  plating  thickness 
samples  exhibited  the  longest  time  to 
failure.  At  the  650  **C  temperature,  the 
highest  nickel  plated  samples  had  the 
longest  time  to  failure.  At  the  575  °C 
temperature,  the  longest  time  to  failure 
was  exhibited  by  the  samples  with  inter¬ 
mediate  nickel  platings.  Both  the  lowest 
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(2.54um>  and  highest  (10.16um)  nickel 
plated  samples  had  shorter  times  to  fail¬ 
ure  at  this  temperature. 

The  expected  life  and  temperature 
rating  curves  in  Figures  3a  and  4a  illus¬ 
trate  that  expected  life  of  nickel  plated 
conductors  is  very  dependent  upon  plate 
thickness  and  temperature.  This  is  shown 
by  the  intersection  of  the  curves  in  Fig¬ 
ure  3a,  and  the  change  in  slope  of  the 
curves  in  Figure  4a,  which  shows  the  re¬ 
versal  from  the  direct  relationship  of 
plate  thickness  and  expected  life  at  high 
temperatures  to  an  inverse  relationship 
at  lower  temperatures. 

These  results  lead  to  the  hypothesis 
that  there  are  two  mechanisms  affecting 
the  nickel  plated  samples  at  elevated 
temperatures.  One  failure  mode  operates 
predomi nantly  at  the  lower  temperatures, 
and  the  second  mode  becomes  predominant 
at  higher  temperatures.  At  intermediate 
temperatures,  both  mechanisms  operate  si¬ 
multaneously  with  neither  being  very  pre¬ 
dominant  over  the  other. 

Observing  the  photomicrographs  in 
Figures  5  and  6  which  are  from  the  sam¬ 
ples  Thermally  Aged  at  475  °C  and  650  **C 
respectively,  and  from  the  visual  obser¬ 
vations,  the  samples  tested  at  650  «*C  ex¬ 
hibit  large  amounts  of  oxide  on  the  sur — 
face  of  the  conductor.  The  samples  aged 
at  475  **C  have  much  less  oxide  on  the 
surface.  It  can  be  concluded  that  oxida¬ 
tion  is  predominant  at  650  °C  and  has 
less  of  an  effect  at  475  “C.  Diffusion 
occurs  at  both  temperatures  and  is  much 
more  rapid  at  higher  temperatures.  Since 
there  is  less  oxidation  at  475  **C  and  the 
samples  with  more  nickel  plating  failed 
sooner,  diffusion  is  probably  more  pre¬ 
dominant  at  this  temperature  and  is  the 
main  cause  of  failure. 

These  hypotheses  could  explain  the 
reaction  and  the  results.  At  high  tem¬ 
peratures,  nickel  oxidation  is  the  over — 
riding  mechanism  to  failure.  When  oxida¬ 
tion  occurs,  the  degradation  rate  is  much 
higher  than  the  diffusion  related  failure 
mechanism.  Therefore  times  to  failure  are 
directly  related  to  plating  thickness  due 
to  nickel's  resistance  to  oxidation.  At 
low  temperatures,  when  the  nickel  oxida¬ 
tion  rate  is  very  low,  diffusion  is  the 
predominant  failure  mechanism.  The  diffu¬ 
sion  rate  is  dependent  upon  the  concen¬ 
tration  gradient  of  the  two  constituents 
which  is  dependent  on  the  availability  of 
the  constituents  (i.e.  when  the  nickel 
plating  is  completely  diffused  into  the 
copper,  the  reaction  approaches  equilib¬ 
rium  and  the  diffusion  rate  decreases). 
The  maximum  effect  of  diffusion  causing 
the  resistivity  increase  is  limited  by 
the  maximum  concentration  of  the  plating 
on  the  conductor.  The  oxidation  rate  of 


the  ni ckel —copper  surface  eventually  be¬ 
comes  the  only  mechanism  of  degradation. 
Higher  plating  percentages  would  there¬ 
fore  be  degraded  more  rapidly  by  diffu¬ 
sion  than  the  lower  percentages  assuming 
the  oxidation  rate  of  the  surface  is  not 
significant  at  low  temperatures. 

These  hypotheses  could  also  explain 
the  behavior  observed  at  the  575  **C  tem¬ 
perature.  At  this  higher  temperature,  ox¬ 
idation  rates  increase  as  well  as  diffu¬ 
sion  rates.  A  possible  explanation  for 
the  results  showing  shorter  times  to 
failure  in  the  thinner  (2.54um)  and 
thicker  (10.16)  platings  with  the  longest 
times  by  the  intermediate  plating  could 
be  the  result  of  another  mechanism  in  ef¬ 
fect.  The  oxidation  of  the  nickel  de¬ 
pleted  surface  could  now  be  affecting  the 
thinner  plated  conductors. 

The  nickel  oxidation  rate  is  still 
not  predominant  over  the  diffusion  rate, 
therefore  for  the  higher  platings,  time 
to  failure  is  inversely  proportional  to 
plating  thickness.  However,  at  the  lower 
plate  thicknesses,  the  nickel  depleted 
surface  may  become  subject  to  oxidation 
at  a  failure  rate  greater  than  the 
nickel -copper  diffusion  reaction.  Lower 
plate  thickness  samples  now  fail  sooner 
due  to  consumption  of  nickel  from  the 
surface  and  time  to  failure  becomes  di¬ 
rectly  proportional  to  plate  thickness 
(similar  to  the  reactions  observed  at  650 
°C)  . 

There  appears  to  be  a  transition 
temperature  in  the  500  **C  and  600  °C 
range  in  which  the  three  possible  failure 
mechanisms  become  predominant.  Nickel— 
copper  diffusion  is  probably  predominant 
below  this  range  and  nickel  oxidation 
becomes  predominant  above  this  range.  A 
combination  of  diffusion,  ni ckel -copper 
oxidation  and  nickel  oxidation  seems  to 
control  the  reaction  within  the  range. 


4.2  HCV  Simulation 

Figures  2u  thru  2e  show  the  results 
of  the  percent  voltage  drop  increase  with 
respect  to  time  for  each  of  the  plating 
thicknesses.  The  results  indicate  that 
time  to  failure  was  a  direct  function  of 
the  plating  thickness.  The  curves  follow 
a  logarithmic  behavior  then  in  later  life 
the  trend  appears  exponential. 

The  direct  relationship  of  life  to 
plating  thickness  correlates  to  the  be¬ 
havior  observed  in  Thermal  Aging  at  650 
°C  which  is  predominantly  an  oxidation 
mechanism  of  failure.  But  the  direct  re¬ 
lationship  exists  for  all  the  test  tem¬ 
peratures.  Visual  examination  revealed 
that  similar  conductors  tested  at  525  «*C 
in  HCV  had  less  oxidation  than  the  con- 
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ductors  Thermally  Aged  at  a  lower  temper¬ 
ature  (475  °C)  .  The  HCV  samples  -failed 
at  an  earlier  time,  allowing  less  time 
for  oxidation  to  occur,  which  means  that 
another  failure  mechanism  is  in  effect. 
This  behavior  may  suggest  that  not  only 
the  conductor,  but  the  entire  connector 
assembly  including  the  crimp  termina¬ 
tions,  also  exposed  to  HCV  conditions, 
must  be  considered.  Weddle  Marchese  and 
Inagaki  C2J  also  observed  the  importance 
of  ring  tongue  c-imp  connections  under 
similar  experimental  conditions.  As  oxi¬ 
dation  proceeds  with  a  vibrational 
stress,  the  brittle  oxide  layer  breaks, 
farming  voids  which  separate  the  conduc¬ 
tor  strands  from  the  terminal  barrels. 
Such  voids  expose  unoxidized  material 
causing  the  conductor  to  be  more  suscep¬ 
tible  to  further  oxidation.  Therefore, 
crimping  defects  due  to  oxidation  appear 
to  have  significantly  increased  the  con¬ 
tact  resistance  resulting  in  premature 
failure.  The  net  effect  is  accelerated 
oxidation  and  conceivably  results  in  the 
observed  exponential  failure  rate. 

The  expected  life  and  temperature 
rating  curves  in  Figures  3b  and  4b  illus¬ 
trate  that  expected  life  is  dependent 
upon  plate  thickness  and  temperature. 
This  is  shown  by  the  intersection  of  the 
expected  life  curves  in  Figure  3b.  The 
resultant  curve  also  suggests  that  the 
direct  relationship  of  plate  thickness 
and  time  to  failure  will  also  became  in¬ 
versely  related,  but  at  lower  tempera¬ 
tures  (approx.  300  “C>  than  was  tested  in 
this  investigation.  The  extrapolated  tem¬ 
perature  rating  curves  (Figure  4b)  indi¬ 
cate  this  by  the  change  in  slopes  of  the 
different  life  curves. 


4.3  Comparative  Test  Performance 

The  results  indicated  in  all  cases 
that  times  to  failure  of  samples  sub¬ 
jected  to  HCV  were  always  shorter  than 
those  subjected  to  Thermal  Aging  at 
"similar"  temperatures.  This  is  probably 
attributable  to  the  additional  effects  of 
the  supplementary  applied  current  load 
and  vibrational  stress.  The  applied 
stress  contributes  to  the  increase  of  the 
conductors'  resistivity  by  creating  new 
defects,  even  if  the  temperature  is  high 
enough  to  constantly  anneal  the  material. 
Current  heating  at  4.5  amps  can  also  in¬ 
crease  the  temperature  in  localized 
higher  resistance  areas  where  smal 1  de¬ 
fects  exist  or  form  by  the  applied 
stress,  accelerating  the  reaction.  In 
addition  to  this  and  more  importantly, 
the  entire  conductor  assembly  was  exposed 
to  HCV  Simulation  conditions.  The  vi¬ 
brational  stress  caused  defects  in  the 


crimps  resulting  in  an  increase  in  con¬ 
tact  resistance. 

These  two  investigations  basically 
result  in  similar  conclusions  that  the 
mechanism  to  thermal  failures  is  the  same 
for  Thermal  Aging  alone  as  well  as  with 
mechanical  stress.  Mechanical  stress  will 
greatly  accelerate  failure,  but  the  mech¬ 
anism  for  both  conditions  is  mass  diffu¬ 
sion  and  oxidation  controlled.  The  depen¬ 
dency  is  not  only  on  temperature  but  it 
is  equally  as  important  to  consider  the 
plate  thickness  of  the  conductor  when  ex¬ 
tended  life  times  are  required. 


5.0  CONCLUSIONS 

1.  Under  Thermal  Aging  conditions 
conductor  life  changed  from  an  inverse 
relationship  with  plate  thickness  at 
lower  temperatures  to  a  direct  relation¬ 
ship  at  higher  temperatures.  This  behav¬ 
ior  may  be  due  to  diffusion  as  the  pre¬ 
dominant  failure  mechanism  at  low  temper¬ 
atures  and  oxidation  at  higher  tempera¬ 
tures. 

2.  Under  HCV  conditions  conductor 
life  was  directly  proportional  to  plate 
thickness.  This  behavior  appears  to  be 
the  result  of  oxidation  as  the  control¬ 
ling  mechanism  at  the  wire  and  crimp  con¬ 
tact  interface. 

3.  Conductor  life  under  HCV  condi¬ 
tions  were  consistently  less  than  under 
Thermal  Aging  conditions  over  similar 
temperature  ranges.  This  behavior  appears 
to  be  a  function  of  the  accelerating  af¬ 
fects  of  current  loadiing  and  vibrational 
stress. 

4.  The  extended  life  ex trapol at i ons 
indicate  that  the  mechanism  to  failure 
under  Thermal  Aging  and  HCV  conditions 
are  similar.  Due  to  the  acceleration  of 
failure  by  the  mechanical  stress,  the 
transition  from  a  diffusion  controlled 
failure  to  an  oxidation  controlled  fail¬ 
ure  in  HCV  occurs  at  a  temperature  lower 
than  tested  in  this  investigation. 
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TABLE  1A 

TIMES  TO  FAILURE  (hours)  -  THERMAL  AGING 
TEMPERATURE  (°C> 


475 

575 

650 

p 
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2.54 

um 

26 , 038 

1 ,  168 

390 

L 

H 

A 

I 

4.44 

um 

19,167 

1,800 

541 

T 

C 

E 

K 

N 

6.35 

um 

13,067 

1,808 

632 

E 

8.  25 

urn 

12,180 

1,489 

846 

S 

S 

10.  16 

um 

9,992 

1,350 

862 

TABLE  IB 

TIMES  TO  FAILURE  (hours)  -  HCV 
TEMPERATURE  (°C> 


400 

525 

650 

p 

T 

2.54 

um 

2056 

495 

127 

L 

H 

A 

I 

4.44 

um 

2334 

1676 

353 
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K 

N 

6.35 

um 

2690 

2049 

440 

E 

B.  25 

um 

2869 

2312 

640 

S 

S 

10.  16 

um 

3753 

2530 

829 
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CABLING  DEPENDENCE  OF  OPTICAL  FIBER  CUTOFF  WAVELENGTHS 


J.  P  Kilmer,  W.  T.  Anderson.  R.  M.  Kanen.  and  C.  M.  Connor  Davenport* 


Bell  Communications  Research 
435  South  Street.  Morristown,  NJ  07960-1961 


1.  Abstract 

From  a  user’s  perspective,  the  specification  of  a  cabled  fiber's  cutoff 
wavelength,  AtV.  measured  from  a  cabled  fiber  sample  whose 
deployment  conditions  simulate  worst-case  field  conditions,  provides  a 
more  functional  value  for  cutoff  wavelength  than  the  uncabled  fiber 
cutoff  wavelength.  A,,  ,  of  a  fiber  sample  deployed  in  a  fashion  which 
is  never  found  in  the  field.  Samples  of  a  variety  of  fiber  designs  in 
different  cable  constructions  were  measured  to  determine  the 
relationship,  or  mapping  function,  between  X  ,  and  A,, .  It  was  found 
a  simple  two  coefficient  linear  mapping  function  can  be  used  to 
confidently  predict  \  . 's  from  measured  A.,’*  However,  the 
coefficients  of  the  linear  mapping  function  differ  for  different  fiber 
types  in  different  cable  designs.  Cabled  fiber  cutoff  wavelengths 
provide  a  more  fundamental  basis  for  optical  cable  cutoff  wavelength 
specifications  since  a  maximum  cabled  fiber  cutoff  wavelength 
specification  directly  reflects  the  user’s  requirements. 

2.  Introduction 

In  the  short  distance  intra-LATA  trunk  and  loop  networks,  the  future 
use  of  multiple  high  bit-rate  WDM  systems  around  1300  nm  may 
make  the  neglected  1250  to  1300  nm  region  more  attractive  than  the 
1550  nm  region  where  there  is  greater  chromatic  dispersion.  The 
primary  limitation  on  the  lower  edge  of  the  1300  nm  window  is  cutoff 
wavelength  to  prevent  single-mode  system  operation  in  the  fiber’s 
multimode  region.  The  highest  cutoff  wavelengths  are  found  on  the 
shortest  sections  of  cabled  fiber  deployed  in  the  system.  To  address 
this  concern,  a  second  definition  for  an  optical  liber’s  cutoff 
wavelength,  the  cabled  fiber  cutoff  wavelength  was  adopted  by  the 
Electronic  Industries  Association  (1:1  A)  in  1984.  The  second 
definition  gives  a  value  for  cutoff  wavelength  closer  to  what  a  user 
may  expect  in  installed  cables  In  addition,  cabled  fiber  cutoff 
wavelength  measurements  give  a  value  for  cutoff  wavelength  which 
can  be  directly  used  in  system  design  to  help  ensure  a  single-mode 
optical  link  is  free  from  the  problems  associated  with  operation  in  the 
fiber's  multimode  region  [1-3].  Some  fibe  manufacturers  have  raised 
cutoff  wavelengths  to  reduce  bend  sensitivity  and  allow  more 
predictable  performance  in  the  1550  nm  wavelength  range.  This 
results  in  a  reduction  in  usable  1300  nm  window  width  in  return  for 
improved  1550  nm  performance.  In  the  short  distance  intra-LATA 
trunk  and  loop  networks,  where  deployment  of  conventional  dispersion 
unshifted  single-mode  fiber  prevails,  the  1550  nm  window  with  its 
lower  attenuation  may  not  be  as  important  as  a  broad  window  at  1300 
nm 

Cutoff  wavelength  exhibits  a  length,  bend,  and  consequent  cabling 
dependence  which  makes  it  very  difficult  to  specify  gcncrically.  Until 
standards  groups  adopted  this  second  definition  of  cutoff  wavelength, 
the  only  standard  method  for  cutoff  wavelength  measurement  was 
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El  A  FOTP  80  [4]  which  is  consistent  with  the  method  prescribed  in 
CCITT  Recommendation  G.652.  In  FOTP  80,  the  cutoff  wavelength 
of  an  uncabled  fiber.  \if .  is  measured  on  a  2  meter  fiber  sample  with 
a  single  28  cm  diameter  loop  (see  Figure  1)  to  improve 
reproducibility.  Since  fiber  is  never  deployed  in  this  fashion  in  the 
field,  this  procedure  gives  a  value  for  cutoff  wavelength  which  is  not 
directly  applicable  to  the  user.  Consequently,  users  must  interpret 
these  A,-/  values  and  map  them  into  functional  cutoff  wavelength 
values  which  arc  more  likely  to  be  found  in  field  applications.  A  more 
direct  method  for  measuring  functional  cutoff  wavelength  values  is 
described  in  El  A  FOTP  170  [ 5 1.  In  FOTP  170.  a  cabled  fiber's  cutoff 
wavelength.  X.,  .  is  measured  on  a  cabled  fiber  sample  whose 
deployment  conditions  are  specified  by  the  user  or  manufacturer  in  a 
detailed  specification.  By  using  FOTP  170.  the  user  can  develop  a 
more  generic  cutoff  wavelength  specification.  However,  routine 
testing  of  X,.  is  generally  impractical  for  fiber  suppliers. 
Consequently,  a:,  an  alternative,  a  supplier  may  establish  a  mapping 
function  which  translates  a  X,.  specification  into  an  internal  cutoff 
wavelength  specification  for  use  in  process  control.  Establishment  of 
mapping  functions  by  suppliers  for  each  fiber  and  cable  combination, 
with  periodic  revcritication  of  the  mapping,  will  ensure  a  single-mode 
fiber  optic  system  is  free  from  the  problems  associated  with  operation 
in  the  fiber’s  multimode  regime.  These  mapping  functions  for  various 
liber  and  cable  designs  were  investigated  and  are  reported. 

3.  Experimental  Details 

Seven  25  meter  samples  of  optical  cable  were  obtained.  The  mix  of 
liber  types  and  cable  constructions  is  listed  in  the  following  table 


Fiber  Type  and  Cable  Construction 


Cable 

Fiber 

Cable  Construction 

T>pe 

Process 

A 

b<T 

~IVD 

Mylar  wrapped  12  fiber  array 

B 

PCI 

IVD 

Loose  tube  -• 

•  continuous  helix 

C 

MCI 

OVD 

l  i>o sc  tube  -• 

•  continuous  helix 

D 

DC  1 

IVD 

,  Loose  tube  -• 

•  continuous  helix 

:  F 

MCI 

OVD 

Loose  tube  - 

■  reversing  helix 

1 

MCT 

IVD 

Slotted  core 

i  G  i 

DC  f 

1  IVD 

;  Slotted  core 

H  | 

MCI 

I  VAD 

i  Loose  tube  -• 

■  continuous  helix 

1  1 

MCI 

1  OVD 

Loose  tube  -• 

•  reversing  helix 

1  J_ _ 

CMC  1 

1  OVD 

Loose  tube  - 

■  reversing  helix 

DCF  and  MCY  refer  to  depressed  and  matched  cladding  fiber  types 
respectively,  while  1VD  and  OVD  refer  to  inside  outside  vapor 
deposition  processes.  VAD  refers  to  vapor  axial  deposition  process 
EMCF  refers  to  (as  described  by  the  supplier)  an  ’’enhanced"  matched 
clad  fiber  which  has  larger  specified  cutoff  wavelength  than  the  MCF 
fiber.  The  ihree  common  outside  plant  cable  constructions:  ribbon, 
loose  tube,  and  slotted  core,  arc  represented.  From  each  25  meter 
cable  section,  a  two  meter  cable  section  was  cut  and  the  fibers  were 
removed  for  \lf  measurements.  Each  fiber  sample  was  measured 
under  strict  adherence  to  FOTP  80  (Method  B).  In  FOTP  80.  either 
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a  single-mode  tiber  with  a  single  loop  of  small  radium  (Method  A)  **r  a 
multimode  fiber  (Method  B)  ma>  be  used  .in  a  reference  C  areful 
record  of  fiber  color  and  buffer  lube  or  slot  location  was  Wept  such 
that  a  direct  comparison  could  be  made  between  V -  and  \.  on  i 
fiber  b>  fiber  basts 

For  the  cabled  fiber  cutoff  wavelength  measurements,  the  cable 
sample's  sheaths  were  cut  to  a  20  meter  (f>5  6  ft  )  length  with  one 
meter  of  exposed  fiber  at  each  cable  end  One  ’6  mm  (3  ml  loop 
was  inserted  in  each  end  of  the  one  meter  of  exposed  tiber  to  simulate 
a  splice  organizer  as  shown  in  Figure  2  Since  the  highest  cable 
cutoff  wavelengths  will  be  found  on  the  shortest  cable  sections. 
should  be  measured  on  the  shortest  cable  lengths  likely  to  be  deployed 
in  the  field,  typically  repair  sections  or  stubs  A  twenty  meter  repair 
length  is  considered  a  worst -case  minimum  repair  length  for  a  short 
patch  restoration. 

In  a  field  environment,  fiber  splices  are  always  placed  in  splice 
organizer  trays  housed  in  splice  cases  or  fiber  distribution  frames 
These  trays  provide  space  to  coil  slack  fiber  typically  into  3  in  loops 
Each  fiber  deployed  in  the  field  will  typically  have  one  or  more  3  in 
loops  at  each  end  of  the  short  cable  section  Matched  cladding  fibers 
exhibit  the  strongest  cutoff  wavelength  bend  dependence  16]  The 
effect  of  multiple  3  in.  loops  on  for  a  matched  cladding  fiber  is 
shown  in  Figure  3.  As  can  be  discerned  from  the  figure,  the  first  loop 
dominates  the  reduction  of  cutoff  wavelength 

For  cable  samples  greater  than  10  meters,  the  bend  reference 
technique  cannot  be  used  for  measuring  cutoff  wavelength  For  long 
cable  sections  the  cutoff  wavelength  is  often  shorter  than  the 
wavelength  region  where  the  small  diameter  loop  acts  as  an  effective 
mode  filter  17)  Consequently,  in  FOTP  170.  only  the  multimode 
reference  method  can  be  used.  Typical  data  from  the  X..  and  \ti 
measurements  are  shown  in  Figures  4  and  5. 

4.  Results 

For  each  cable  the  histograms  of  the  distributions  of  measured  X,,\. 
V, 's.  and  fiber  by  fiber  differences  between  X,,  and  X,,  were  plotted. 
A  typical  group  of  histograms  for  one  manufacturer's  cable  is  shown 
in  Figure  6  N  is  the  number  of  measured  fibers  in  each  cable 
Pertinent  data  from  these  distributions  is  tabulated  below. 


Fiber  and  Cable  Cutoff  Wav 

elengih  < 

Comparisons 

(in  nm) 

Cable 

N 

FOTP  80  i 

FOTP  PO 

7 

Differences 

mean 

sigma 

mean 

sigma 

mean  > 

igma 

nun 

max 

X 

lb 

1269 

33 

1193 

36 

7fc 

15 

43 

96 

B 

15 

1256 

4K 

1 1X2 

43 

’4 

9 

s? 

91 

C 

_\J 

1206 

24 

1  1 09 

J  9 

96 

10 

KO 

1  14 

0 

IK 

1  205 

31 

1 102 

27 

103 

P 

67 

134  , 

F 

U 

1  1 94 

15 

1085 

11 

109 

v 

97 

12K  • 

\ 

19 

1195 

4.1 

1129 

45 

66 

20 

39 

132 

li 

IK 

1  190 

.19 

1121 

40 

69 

12 

48 

98 

H 

IK 

1  262 

H7 

1  165 

67 

97 

30 

50 

P9 

1 

14 

1214 

21 

1087 

19 

12? 
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1  19 

138 

J  i 

b 

j  1  2. tO 

.  J.i  L 

1124 

11 

I  106 

7 

9" 

116 

The  wide  distribution  of  Xi;'s  is  indicative  of  the  manufacturer’s 
process  control.  The  narrow  distribution  of  the  differences  is 
indicative  of  how  well  X,7  and  X,r  track  on  a  ii’ccr  by  fiber  basis. 
While  the  actual  cutoff  wavelengths  show  larg-  variations,  the 
differences  show  small  variations  such  that  the  mean  difference 
constitute  the  bias  between  FOTP  80  and  FOTP  170  for  a  specific 
cable  product.  Consequently,  the  mapping  functions  are  simply 
systematic  negative  biases  with  magnitudes  that  vary  according  to 
cable  design  and  fiber  type. 

There  is  considerable  variability  among  the  mean  differences  between 
Kr  and  Xtr  which  range  from  66  to  109  nm.  The  three  loose  tube 
design  cables  (excluding  Cable  B)  closely  group  around  an  average 
reduction  of  103  nm  while  the  other  four  cables  closely  group  around 
an  average  reduction  of  71  nm.  This  is  curious  as  both  groups  contain 


both  1)0  and  MCF  fibers.  Evidently,  a  consistent  single-valued 
mapping  of  FOTP  80  into  FOTP  170,  generic  for  all  fiber  and  cable 
combinations,  does  not  exist  However,  the  two  extreme  fiber  designs, 
the  DCF  and  the  MCF,  do  behave  predictably.  Cables  A  and  B  show 
a  consistent  cutoff  reduction  of  75  nm  regardless  of  cable  design. 
This  is  explained  by  evidence  that  the  depressed  cladding  fiber  design 
exhibits  a  cutoff  wavelength  that  is  length  dependence -dominated  [7j 
The  following  equation  can  be  used  to  determine  cutoff  wavelength 
reduction  due  to  increase  in  fiber  length  alone. 


1  -  k  1 

-  4  log 

J  a i  lual  [  J  2 

m 

2 

with  -I  *“  65  nm  per  decade  of  length  for  Cable  A  and  B  fiber  designs 
1 7).  65  nm  of  the  cutoff  wavelength  reduction  is  expected  from  the  L 
—  20  meters  of  cable  length.  The  3  in.  loops  must  account  for  the 
small  residual  reduction.  Conversely,  for  matched  cladding  fibers 
(such  as  those  in  cables  C  and  E),  A  is  closer  to  18  nm  per  decade  of 
length  and  account  >  for  only  approximately  20^  of  the  cutoff 
wavelength  reduction  Here  the  3  in.  loops  dominate  and  account  for 
the  other  80^  of  the  cutoff  wavelength  reduction  as  was  verified  in 
Figure  3. 

5.  Mapping  Fund  ions  and  Confidence  Levels 

To  further  investigate  the  mapping  functions,  the  Xif*s  were  plotted  as 
a  function  of  X,,  *s.  A  typical  plot  is  shown  in  Figure  7.  A  linear  least 
squares  fit  to  the  data.  X,,  (Xt,  )-mXlf  +6 .  is  plotted  as  the  solid 
diagonal  line  in  Figure  7.  The  dashed  parallel  lines  drawn  on  either 
side  of  solid  line  shows  the  standard  error  of  the  estimate  (SEE)  of 
the  linear  fit  IK.  p.297),  and  provides  a  convenient  measure  of  the 
probable  error  of  the  mapping  The  results  of  the  linear  fitting  to  ail 
the  measured  data  for  each  cable  is  tabulated  below; 


Linear 

Fitting  Statistics 

Cable 

V 

m 

mean 

sigma 

* 

mean 

sigma 

TtF’ 

A 

16 

0.97.1 

0.121 

-41.6 

153.2 

16  ! 

B 

15 

0.882 

0.037 

73.8 

46.9 

7  1 

j  c 

23 

0.718 

0.063 

243.1 

75.8 

0 

18 

0.723 

0.122 

230.7 

147.0 

16  ! 

;  h 

14 

0.908 

0.068 

0.9 

81.7 

9  ! 

F 

19 

0.946 

0.112 

-1.7 

133.6 

21 

1  G 

18 

0.988 

0.074 

-54.9 

88.2 

12 

H 

18 

0.735 

0.053 

237.4 

67.5 

20  , 

I 

14 

0.850 

0.064 

54.4 

77.5 

5  1 

j  J 

0.676 

0.192 

292.6 

236.7 

where  nt  is  the  dimensionless  slope  and  b  is  the  Xl(  axis  intercept  (in 
nm).  For  statistical  analysis  of  a  small  cluster  of  points  distant  from 
the  origin,  such  as  the  case  here,  the  SEE  provides  a  more  meaningful 
measure  of  the  quality  of  the  fit.  than  monitoring  the  standard 
deviations  (sigmas)  of  the  slope  and  X,t  axis  intercept.  In  general,  the 
mapping  of  X<7  into  X41  is  sublinear  (i.c.  m  <  1)  This  implies  that  a 
wide  specification  tolerance  for  Xlf  will  map  into  a  narrower 
specification  tolerance  for  X(1  Such  sublineanty  has  the  advantage  of 
ensuring  the  user's  tight  functional  requirements  (i.c..  tolerances  on 
X,v )  can  be  met  with  more  relaxed  process  control  requirements  (i.c.. 
tolerances  on  X,, )  for  the  manufacturer. 

For  the  purposes  of  system  design,  to  ensure  a  single-mode  system  will 
not  operate  in  the  fiber’s  multimode  regime,  considering  the  possible 
range  of  laser  operating  wavelengths,  the  quantity  of  interest  to  be 
provided  by  the  cable  supplier  is  (X,-,  )ma,  (9].  In  order  for  a  supplier 
to  guarantee  a  customer  that  a  cable  will  meet  a  specified  (X,v)m„, 
the  supplier  can  use  the  mapping  function  to  establish  a  confidence 
interval  and  avoid  measuring  directly  on  a  routine  basis.  By  using 
the  mapping  function  and  establishing  a  confidence  interval  the 
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supplier  can  guarantee  (to  whatever  percent  the  confidence  interval  is 
established)  a  (AtV)ma*  will  be  met  by  monitoring  At.,  values.  As  an 
example,  lets  look  at  the  statistical  probability  or  certainty  that  an 
arbitrary  (A,/)^  "  1330  nm  will  map  into  a  (At<)ma,  —  1250  nm 
requirement  [10].  This  is  shown  on  Figure  7  by  the  horizontal  and 
vertical  dashed  lines.  Determining  the  certainty  or  confidence  of  an 
extrapolated  value  of  AlV  corresponding  to  value  of  A,-/  outside  the 
range  of  observation,  is  statistically  handled  by  considering  a  certain 
percentage  confidence  interval.  The  uncertainty  of  an  extrapolated 
Aa.  value  will  be  denoted  by  ax%  where  x— 95  or  99%  corresponding  to 
a  95  or  99%  confidence  interval.  Extrapolated  AtV  values 
corresponding  to  a  A ™  1215  nm„  A, .,.(1330),  and  the  associated  ax' s 
have  been  calculated  (8,  p.  301 1  for  the  cables  we  measured  and  the 
results  are  tabulated  below. 


[  Extrapolated  Aa ’s  and  confidence  intervals  | 

Cable 

N 

A,,.  (1330) 

<r<m  j 

A 

16 

1252 

39 

54  1 

B 

15 

1247 

17  ; 

23  , 

C 

23 

1198 

22  1 

30  | 

D 

;  18 

1192 

47 

65 

E 

14  1 

1208 

29 

40  ! 

F 

19  ! 

1257 

5i _ j 

76 

G  1 

18  l 

1259 

35  ; 

48  ; 

H 

18 

1215 

44  ' 

60 

1  i 

14 

1185  i 

20  : 

28 

J 

6  I 

1192  | 

57  | 

95  | 

To  determine  if  a  cable  can  meet  a  (A...  )m„,  —  1250  nm  the  following 
inequality  is  employed. 

A,.  (1330)  +  a,  <  !250«m  2 

From  the  data  of  the  above  table  it  can  be  seen  cables  C.  E.  and  1  can 
meet  a  (Al4  )ma,  —  1250  nm  specification  with  a  99%  confidence. 
Cable  D  can  meet  a  95%  confidence  but  not  a  99%.  Cable  J  is  close 
to  meeting  a  95%  confidence  but  the  few  data  points  makes  an 
extrapolation  very  difficult.  Cables  A.  B.  F.  G,  and  H  will  not  be  able 
to  meet  the  requirements  as  defined  in  this  example  with  such  a 
limited  data  base.  A  general  trend  is  a  reduction  in  ax  as  N  is 
increased  and  as  more  data  near  the  extrapolation  point  is  included 

6.  Conclusions 

User  requirements  are  reflected  in  a  AtV  specification.  The  data  shows 
a  generic  single-valued  mapping  function  of  Alf  into  A,v  does  not 
exist.  For  generic  cable  requirements,  the  A,./  is  less  appropriate  as  its 
specified  value  must  vary  from  manufacturer  to  manufacturer  to  meet 
a  specific  user  requirement.  However,  when  Aft  is  used  as  a  basis  for 
specification  a  singular  value  can  be  specified  which  is  generic  to  all 
cable  products.  Using  a  mapping  function  of  A,./  values  into  A,., 
values  and  establishing  a  confidence  level  was  shown  to  be  a  viable 
means  of  ensuring  user’s  A,.,  requirements  arc  met  without  routine 
testing  of  cables  for  An ..  However,  if  specifications  based  on  \lf  are 
to  be  used,  specified  A c/  's  should  be  more  conservative  as  these  values 
should  map  into  the  A<v  requirement  considering  worst-case  length 
scaling  and  bend  sensitivity.  The  fundamental  basis  for  cutoff 
wavelength  specification  is  ultimately  the  cable  cutoff  wavelength  as 
this  reflects  actual  cutoff  wavelengths  observed  in  cabled  fibers 
deployed  in  typical  field  situations. 
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Figure  1.  Uncabled  Fiber  Culoff  Wavelength  (FOTP  80)  Deployment  Condition 


Figure  2.  Cabled  Fiber  Culoff  Wavelength  (FOTP  170)  Deployment  Condition 


52  International  Wire  &  Cable  Symposium  Proceedings  1987 


LOSS  (OB) 


-  No  ol  3*n  Loops 


Figut*  3.  Effect  of  Multiple  3  In.  Loops  on  a  Maiched-C'lad  Fiber's  Lncabled  Fiber  Cutoff  Wavelength 


1.1  1.2  1.3 


WAVELENGTH  (MICROMETERS) 

Figure  4.  Typical  FOTP  80  Cutoff  Wavelength  Measurement  Data 
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WAVELENGTH  (MICROMETERS) 


Figures.  Typical  KCT.  P  170  Cutoff  Wavelength  Measurement  Data 


OUTSIDE  PROCESS  MATCHED  CLAD  FIBER  IN  LOOSE  TUBE 

N«  23 


CABLE  CUTOFF  HAVE LENGTH  NZSTOGftflH 
MAX*  1 116. M 

HIM-  JBBB.M 
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SICMA-  IS.?| 
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Figure  6.  Examples  of  K(j  .  A,-, .  and  K;  ~K,  Histograms 
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A  PROBABILITY  MODEL  FOR  OBTAINING  THE  SPLICE  LOSS  IN 
SM  OPTICAL  FIBERS  FROM  ONE-WAY  OTDR  MEASUREMENTS 
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SUMMARY 

A  statistical  analysis  has  been  carried 
out  on  some  hundred  bidirectionally 
measured  splices  between  match  clad  SM 
optical  fibers  using  OTDR  at  1300  nm .  The 
variations  in  the  measured  discontinuities 
at  a  splice  and  actual  splice  losses  are 
described  using  a  bivariate  probability 
distribution  function.  From  this 

distribution  one  can  obtain  the  probability 
of  keeping  the  splice  loss  below  a  certain 
maximum  value  given  a  one  wav  measured  OTDR 
discontinuity.  Satisfactory  agreement 

between  the  thenret ical  model  and  the 
experimental  data  is  obtained  In  the  rise 
where  the  splice  in  question  does  not  reach 
the  desired  probability  a  model  for 
enhancin'!  this  probability  by  repeated 
splicing  is  finally  presented 

I  NTRupurT  I » >N 

Opt  i  i  a  l  time  -doma  in  retie.*,  >me»  :  v 

» OTDR )  is  now  common l v  used  m  the 
characterization  of  a  *  t enua t  i on .  t  au  l  »  s 
and  splices  in  optical  fiber-  both  m 
manufacturing  processes  and  field 
installations.  Fo  r  the  latter  purpose  it 
is  verv  convenient  since  current  OTDR  s 

are  lightweight,  portable  and  most  of  the 
needed  infnrmat ion  can  be  obtained  by 
measur inn  t  r om  one  end  However  ,  it  is 
well  known  that  one -wav  measurements  of 
splices  bet  ween  optical  fibers  by  ♦ he 
OTDR  technique  gives  rise  to  difficulties 
in  the  interpretation  of  splice  loss  due 
to  statistical  variations  i  r  i  the 

magnitude  of  ha  c  k scattered  light  among 
fibers'  *•  This  controversy  ran  he 
resolved  bv  measuring  from  both  ends  and 
defining  the  splice  loss  as  the 
b i d l r er t  i nna  l  1  v  measured  average  In 
practical  field  i ns  t a  1  1  a  t  i on  s  ,  ho we ve r  .  a 
two-way  measurement  mav  b  e <-  t  >  m  e  very 
inconvenient  in  addition  t<>  t  fie 

generation  of  additional  labour  and  ■  ost  , 
while  carrying  out  a  one -wav  measurement 
vs  usually  a  reasonable  task  An  operator 
is  usually  concerned  about  keeping  the 
sum  of  the  s  p  I  i  ■-  e  losses  be  1  ow  a  certain 


maximum  value  determined  bv  system 
considerations.  For  installations 

involving  match  clad  SM  fibers  typical 
values  of  the  mean  loss  can  be  0. 1 
d  B / s  p I  ice. 

Since  the  one  way  measured  OTDR 
discontinuity  cannot  yield  the  accurate 
splice  loss  direct lv.  the  question  of 
extracting  a  satisfactory  estimation  of 
the  splice  loss  from  the  measured 
discontinuity  arises.  In  o*her  words  one 
can  ask  for  the  probability  of  finding 
the  splice  loss  below  a  certain  maximum 
value  based  on  the  one -wav  OTDR  reading 

Installations  on  SM  liber  systems  are 
now  common  practice  and  a  lot  r , f  measured 
data  on  splices  exists.  We  have  collected 
data  from  some  hundred  spli.es  measured 
bidirectionally  from  recent  fiber 

installations  arid  carried  out  a 

s  t  a  t  i  s  t  i  f-  a  1  analysis  Based  o  n  t  h  e 
emp l r i c a  1  data  a  pr  oba  b i  1  i t y  mode ;  w ;  ;  ; 
be  described  from  which  *  he  splice  iocs 
mav  be  est  imat  ed 

STATISTICAL  ANAL. Y SYS 

In  OTDR  measurements  , ,  f  s  n  l  i  -  e  •; 
be  tween  optical  fibers  three  quantities 

are  involved;  *  he  observed  d  i  •;  >r.  *  i  n  u  i  t  v 

i;.  *  he  actual  s  d  I  1  e  loss  I.  and  t  f,e 

scattering  factor  ratio  S  Or,  ♦  he  dB 
scale  t hev  are  related  hv : 

'  ’  L  ♦  S  ■  I  • 

Where  s  ,  lftlOgS  .  *S  with  S..  being  tf.e 

scat  term,,  t  a  c  t  . .  i  «  of  the  two  fiber*-  m 
quest  inn'-  The  quant  itv  S  is  determined 
b v  statistical  va i  i a  t  i on  s  among  h a  s i < 
fiber  pa  a  me  t  e  r  s  (  geometry  and  doping 
concent  rat  ion  )  .  S  as  def  ined  above  mav 
he  pns i t  i ve  o [  negative  and  sire,  e  the 

sue  c  e  s  s  i  on  of  two  s  p  1  \  <;  ed  libers  is 

equally  probable,  it  is  a  s v m m e t  r i < 

statistical  d  i  s  t  r  i  but  i  ,.r,  with  :pi"  mean 
L  c  on  tains  t  wn  c  on  f  r  i  hu  *  1  on  s  ,  1 1 1 1  i  i  n  s  i  - 

splice  losses  which  again  a  r  *•  attributed 
to  basic  fiber  var  iat  i nn s  and  exf  r i n  s i  . 

1 oss  cont r l but  i ons  wh i rh  ma i n 1 v  or  l u i na  t c 
i  n  g  e  nme  t  nrai  mismatches,  nonpe  r  f  e .  * 
cleave  ends  and  profile  slurring  for 
fusion  splices'  The  three  *  1  1  ,  er  .. 
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L  and  S  will  not.  be  independent 
statistical  variables. 

A  bivariate  probability  density 

function  f  <  G . L  >  will  describe  the 
simultaneous  variations  of  the  quantities 
G  and  L.  From  this  function  marginal 
probability  densities  for  the  actual 
splice  loss  and  OTDR  reading  fi(L)  and 
f  .(G)  respectively  may  be  obtained 
straightforwardly  by  integrating  out  the 
other  variable.  When  these  functions  are 
def ined  one  can  calculate  the  probabi l ity 
of  obtaining  the  splice  loss  below  a 
certain  maximum  Li  when  the  observed  OTDR 
readinq  is  in  the  region  G6  <  G ,  .G.t  bv  the 
conditional  probability: 

p( L<  L ,  j  06  tG ,  .0  »  > s 

0  L .  G 

J  S  f  (  G  .  L  >  dOdL  /  /  f  <  Ci  >  dO  <  ^  > 

G  ,  0  G  - 

In  a  practical  situation  the  G  scale  mav 
be  d  l  v  i  d ed  i  n  •  .  0^  nr  U .  1  dB  steps  <  i  e 
G  -Gs=0.0S  or  0.1  dB >  while  typical 
values  for  L  i  rr a  v  be  U.l  or  1 1  ■  *•’  d B  . 

As  a  model  for  f ‘ G . L >  the  well 

described  bivariate  normal  distribution 
is  suggested.  In  this  distribution  both 
variables  take  on  values  in  the  region  ' 

®  ®  >  .  Splice  losses  can  onlv  take  on 
positive  values  so  the  distribution  must 
be  truncated  for  L<  ' » .  For  sinflfitv  it 

is  assumed  that  the  OTDR  d i s .  on t  i  mu  ♦ v 

extends  to  infinity  in  bo'h  directions 
while  the  s  p  1  i  <*  e  1  ?  s  s  is  defined  in  ♦  h  e 
rpqion  from  zero  to  infinity  Bv  def in t no 
the  relative  quantities: 


yielding 

k= ( 1  ter f ( a) >  1 

wh  ere  erf  is  the  error  function  and 

Of  =  u,  . 

Th  e  marginal  probability  densities 
f»<L>  and  f  .•  <  G  >  are  obtained  as: 

f  i  (  L  >  =  /77  tt  /  cr ,  (  1  ♦er  f  <  Of )  >  *exp  (  ~  5x 2  >  <  R  > 

f  •  <  G  )  2  1  /  /Zdr<rt ,(  l+erf(0()  )  *  exp  (  -  .  S  v  2  >  » 

(l+erf(<u,  /  (r .  *py  )  /  /2  (  1  -  y*  M  (h> 

Since  S  is  def ined  to  have  zero  mean  one 
can  easily  show  f  rom  (  1  )  that  G  and  L. 
have  the  same  means  L=G.  This  quantity 
together  with  the  standard  deviations  s, 
and  s .  i  are  obtained  s t r a l qh t f o r wa r d 1 v 
from  the  measured  data.  However,  since 
the  distribution  defined  in  ( 2  1  is 
truncated  for  L< 0  the  parameters  u  and  <r 
are  not  direct  estimates  of  the  means  and 
standard  deviations  of  0  and  L.  However, 
thev  can  be  calculated  st.  raiqht.forwardlv 
from  the  marginal  distributions  defined 
i  r<  (  5  )  and  f  h  )  as: 

CD 

L  =  I  L f  .  I  1.  Ml.  :  U.  *CT.  P  <71 


X  :  <  L  -  Li,  *  I  (T  V  -  '■  G  i j .  .  »  7  O’ 

whp  r  e  Ul  .  w  ,  .  cr,  and  cr  are  parameters  >>f 
the  h  i  v a  (  i  a  t  e  d  i  s  t  r  i  hi 1 1  i  on  we  can  w r  i  »  e 


'  K  /  TT  (T .  rr  ,/f  ^  * 

exp  <  -  <  x  *’  iJ^xv  *■  v2  >  '  .M  *  p*'  '  »  <4‘ 

where  i  J)  j  ■  1  and  is  a  measure  o(  the 
correlation  between  the  variables  L  and  G 
which  are  no'  statistically  independent. 
The  normalization  k  is  obtained  bv 

(j>  ® 

f  dr,  Jdl-f  < ,  ; .  L  >  1 

-  ® 


wh  ere  R  =  /TT TtT e xp  <  -  Of 2  >  /  (  1  ♦  e  r  f  (  Of  >  >  and 

Of  -  u  //7(r  The  parameters  u.  and  <r  are 
obtained  numerically  from  <  7 '  and  < 8  > 
when  f  and  s  ace  obtained  experimental Iv 
f  r  cm  a  q i ven  set  of  d  a ' a  From  <  9  *  and 
(  1  U  >  u.  *  and  <?> ,  are  ob  t  a  1  ned  as  f  un  r  t  i  on  s 
of  the  rorrp.a* ion  coefficient  Th i s 

parameter  is  finally  obtained  bv  fitting 
the  experimental  data  t o  (4>  bv  a  least 
squares  method.  Hence  a  i  1  parameter*,  of 
the  bivaria'e  distribution  are  obtained 
The  conditional  probabilities  ran  then  be 
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determined  bv  performing  numerical 

integrations  of  <  2  >  . 

EXPERIMENTAL  DATA 

We  have  collected  data  from  482 
splices  between  SM  fibers  measured 
bidirectionally  by  OTDR .  All  splices  were 
made  using  an  Ericsson  ESU  850  automatic 
fusion  splicer  without  any  local 

monitoring.  The  fibers  were  cleaved  with 
a  simple  commercial  handheld  cleaver.  All 
data  are  obtained  from  splices  between 
similar  fibers  <  match  clad  step  index  SM 
fibers  from  the  same  manufacturer  >  using 
commercial  SM  ref lec tometers  at  1300  nm . 
A  handful  of  trained  operators  were 
involved  in  the  splicing  process  The 
estimated  measurement  accuracy  is  10.02 
dB.  All  data  are  taken  from  recent  field 
insUl  1  a  t.  i  on  s  . 


RESULTS 

Figure  1  shows  the  distribution  of  the 
three  quantities  0.  L  and  S  as  obtained 
from  ail  482  splices  at  1 3  GO  nm .  The 
fitted  marginal  densities  defined  bv  <5> 
and  (6'  are  included  in  fias  la  and  lb 
respectively  Figure  2  shows  the 
corresponding  two-dimensional 
distribution  in  0  and  L.  Table  l  lists 
values  of  minimum  and  maximum  values, 
means  and  standard  deviations  of  the 
three  quantities  0.  L  and  S  for  the  482 
splices  Table  11  lists  the  fitted 
parameters  of  the  bivariate  distribution. 

The  conditional  probabilities  are 
calculated  from  <2>  using  numerical 
integration  by  a  qaussian  method'*  Figure 
3  shows  results  of  this  calculation  where 
the  smooth  curves  indicate  the 
probability  of  obtaining  splice  losses 
•'"'.l  and  0.2  dB  respectively  as  a 
function  of  the  measured  OTDR  reading. 
Calculations  from  the  corresponding 
measured  data  are  also  indicated  For  the 
integration  over  0  in  <2>  intervals  f 
G  -G,  zO  '35  dB  were  chosen  When  the 
integration  interval  becomes 
infinitesimally  small  a  perfectly  smooth 
curve  appears  At  the  low  and  h l ah  end  of 
the  G  scale  there  are  few  observations 
and  the  uncertainty  in  the  measured  data 
becomes  large  while  around  the  renter  of 
the  G  distribution  where  the  number  of 


observations  are  high  the  match  between 
theory  and  experiments  is  good. 

PRACT  I  CAL.  CONS  1  DERAT  !  ONS 

Fiberoptic  links  are  designed  with  a 
certain  loss  budqet  where  the  sum  of  fhe 
splice  losses  or  the  averaae  loss  per 
splice  is  to  be  maintained  below  a  given 
value  L.,.„.  .  .  As  long  as  the  sum  of  the 
splice  losses  only  matters  the  actual 
loss  in  each  splice  becomes  less 
important.  Therefore  the  method  outlined 
here  may  be  advantageously  employed  in 
predicting  the  splice  losses  below  L.,  .. 
with  a  chosen  probabi  i  i  t.v  determined  from 
one-wav  OTDR  measurements.  As  an  example 
we  may  choose  L,....  =0.2  dB  /  splice  and 
accept  the  splice  if  t he  probability  is 
greater  than  75%  that  the  splice  less  is 
less  than  0.2  dB .  From  fig.  3  this  is 
obtained  from  OTDR  discontinuity  readings 
<0.25  dB.  If  the  observed  discontinuity 
reading  exceeds  0.7  dB .  the  highest  value 
encountered,  the  splice  must  be  rejected. 

In  between  there  is  an  uncertainty 
ranae  .  However.  bv  respl icinq  one  can 
enhance  the  probability  of  having 
obtained  an  acceptable  splice.  This  can 
be  visualized  as  follows:  Suppose  fhe 

OTDR  reading  for  the  first  attempt  yields 
a  probability  p,  of  an  acceptable  splice 
<  event  A  >  and  similarly  p  for  fhe 
repeated  splice  (  event  B  >.  From  basic 
probability  theory  the  union  of  these  two 
events  is  p<A  U  B^=p<A)*p<B>-ptA  >>  B>. 
Since  these  two  events  can  he  considered 
independent  the  resulting  probability  ran 

be  written: 

p.  -  p .  ♦  p  -  p »  p  Ml* 

Bv  usinq  this  principle  it  can  further  he 
shown  that  for  n  repetitions  one  obtains: 

p.  "  =  i  -  TT  <  i  -  p  ■  >  i  iji 

»*  1 

where  p,  is  the  probability  for  each 
repetition.  If  for  example  the  first 
readina  vielcs  a  5 <3%  probability  of  an 
acceptable  splice,  and  the  repeated 

splice  also  yields  50%  then  <11> 

predicts  75%  probability  for  the 

acceptance  of  the  repeated  splice.  In 

practice  one  or  two  repetitions  will  be 
sufficient  in  assuring  the  quality  of  the 
splice. 
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Table  1 


M i n 1  mum , max  1  mum .  mean  and  standard  deviation  encountered  from 
bidirectional Iv  measured  OTDR  data  <G>.  splice  loss  (L)  and 
scattering  factor  ratios  (S  >  from  482  splices  at  1300  nm . 


Ta  b  l  e  II 

Fitted  parameters  to  the  bivariate 
d l s  t  r l bu  t i on  d  e  f ined  in  <  3  '  and  <  4  > 


rt  W*LUr  I  NO  REMARKS 

Although  a  one -wav  :  >TDR  measurement  of 
a  splice  between  matched  clad  SM  fibers 
cannot  yield  the  spin'  e  loss  directly  it 
has  been  demonstrated  that  one  can 
predict  »he  probability  of  keepinq  the 
spl icp  loss  below  a  certain  maximum  value 
based  on  the  measured  one-way  splice 
discontinuity.  By  fittinq  experimental 
data  to  a  bivariate  probability 
distribution  function  a  theoretical  model 
with  satisfactory  aqreement.  with  the 
experiments  was  obtained.  Based  on 
information  such  as  qiven  in  fiq.  3  it 
will  be  easier  for  an  operator  to  decide 
whether  a  splice  is  acceptable  or  not.  In 
the  case  of  an  unacceptable  splice  a 
model  to  enhance  the  acceptance 
probability  by  repeated  splicinq  has  also 
been  out  1 ined  . 
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oM  f  i  h  *  r  s  .  F  i  M,  pii  prohahi  1  i  ♦  v  don?  l  1  v 
curves  are  shown  as  sr>l  id  1  jn»s  in  a  .  and 
b  . 
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Figure  2 . 

rwo  -dimensional  plot.  of  measured  OTDP 
iist.ont.muH  V  and  actual  sp!  ice  loss  from 
4  S  2  spliced  SM  fibers 
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Figure  3  . 

Probability  of  obtaining  splice  losses  <0.1 
dB  and  <0.2  dB  vs.  measured  OTDR  reading 
(theory  and  experimental  data  ) 
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CONTINUOUS  MONITORING  OF  THE  LOSS  OF  LARGE  NUMBERS  OF  FIBER  OPTIC  SPLICES 


R.  Raman 


Contel  Laboratories 
Norcross,  GA  30092 


A8STRACT 

A  new  experimental  procedure  developed  to 
reduce  uncertainties  due  to  mating  and  unmating 
of  fiber  ends  at  test  points  is  described.  It 
combines  a  cutback  step  and  substitution  and 
offers  a  number  of  advantages. 

The  method  consists  of  first  determining  a 
reference  loss  value  of  a  launch  fiber, 
introducing  a  splice  with  a  precisely  known  loss, 
and  finally  substituting  the  test  sample  between 
this  splice  and  the  detector.  Prior  to  the  test, 
the  errors  resulting  from  mating  and  unmating  of 
the  fiber  ends  of  the  sample  are  accurately 
determined.  Data  show  that  the  error  can  be 
reduced  to  as  little  as  0.003  dB. 

The  technique  permits  measurement  in  both 
directions,  loss  when  dissimilar  fibers  are 
spliced,  or  when  the  test  fiber  is  short. 
Environmental  testing  of  splices  is  demonstrated. 


INTRODUCTION 

General 

In  order  to  establish  the  performance  of  a 
fiber  optic  splice  or  a  connector,  it  is  vital  to 
determine  not  only  its  absolute  loss  value  but 
also  its  stability  in  various  environmental 
exposures.  When  a  single  sample  is  considered, 
the  procedure  is  straightforward  and  simple.  The 
method  is  illustrated  in  Figure  1.  The  power 
transmitted  in  a  reference  fiber  section  is  first 
measured  using  a  suitable  source  and  a  power 
meter  under  appropriate  light  launch  and  receive 
conditions.  The  fiber  is  cut,  the  splice 
inserted,  and  the  change  in  power  level  is 
measured. 


r  I  r,u»H  1  .  MCAMjBl  M(  ht  ijr  I  o'/, 
T  HAN'iM  I  ?»  j  I  ON  Ml  THUD 


A  cutback  technique  shown  in  Figure  2  is 
used  when  dissimilar  fibers  are  involved.  In 
this  method,  the  near  end  of  fiber  A  is  first 
connected  to  the  source  and  the  far  end  to  the 
detector.  This  represents  the  reference 
measurement,  Pq.  Next,  the  far  end  is  removed 
and  connected  to  fiber  B  using  the  test  splice. 
The  splice  loss  is  the  difference  between  a 
second  reading  (Pj)  and  the  initial  power  value. 


I  ifiUfth  .  MFA  .iMFMtM  nr  i_'l‘-<, 
r.UUIACK  MfTHlO 
■OunCE  GTE 


Continuous  monitoring  of  the  splice  loss  or 
change  in  optical  transmittance  is  possible, 
provided  the  launch  and  receive  conditions  remain 
undisturbed.  This  implies  that  the  optimized 
fiber  alignment  at  the  sample  connectorization 
points  is  constant.  However,  when  several 
samples  are  being  tested,  the  measurements  become 
complicated  due  to  the  need  to  uncouple  the  end 
connections  for  each  sample.  The  removal  of  the 
terminations  will  introduce  uncertainties  and 
errors.  Testing  one  sample  at  a  time  is 
laborious  and  time-consuming. 

The  development  of  a  new  experimental 
procedure  is  described  in  this  paper.  In  this 
method  the  errors  and  uncertainties  are 
reduced.  It  also  enables  continuous  measurements 
on  a  large  number  of  samples.  Although  the 
method  is  applicable  to  both  multimode  and  single 
mode  splices,  the  emphasis  in  the  discussion  will 
be  single  mode  splices. 
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Multiple  Spl ice  Tests 


In  the  industry,  there  are  a  number  of 
methods  suggested  to  avoid  the  errors  of  mating 
and  unmating  the  sample  fiber  ends  at  the  test 
points.  In  one  case,  . an  array  of  sources  and 
detectors  is  proposed  .  This  can  be  very 
expensive,  especially  if  lasers  are  used.  A 
schematic  of  a  measurement  system  is  shown  in 
Figure  3.  One  difficulty  with  this  is  that  the 
sample  fiber  ends  should  be  preterminated  with 
connectors.  Otherwise,  samples  must  be  prepared 
using  pigtails  rather  than  fibers.  If  it  is 
desired  to  test  200  samples,  the  cost  of  the 
sample  preparation  itself  can  be  prohibitive. 


IC.UBL  3.  multiple  SOURCC/DC  TECTUR 
MEASUREMENT  ARRANGEMENT 


In  a  second  method,  a  single  source/detector 
combination  is  used  in  conjunct  ion  with  splitters 
and  couplers  as  indicated  in  Figure  4.  This  also 
entails  some  problems.  First,  the  signal  level 
is  ittenuated  considerably.  Second,  the 
splitting  and  coupling  ratios  may  vary  from 
sample  to  sample.  In  the  particular  example^ 
cited,  the  experiment  is  performed  using  a  short 
wavelength  source  (632  nm),  which  makes  alignment 
easy.  When  long  wavelength  sources  are  employed, 
the  air-gaps  at  the  launch  and  receive  stations 
will  be  undesirably  large. 


FIGURE  A.  INSERTION  LOGS  MEASUREMENT 

splitter-coupler  method 
(REr.  IWCS  1980) 


A  third  alternative  is  to  prepare  a  chain 
sample  consisting  of  a  series  of  several  splices 
and  connectors,  and  ioin  them  to  a  single  source 
and  detector.  This  certainly  can  provide  an 
enhanced  signal-to-noise  ratio.  In  addition,  the 
link  will  simulate  a  span  in  the  field.  However, 
it  is  difficult  to  pinpoint  defective  splices  if 
failure  occurs. 


Experimental  Conditions  -  Background 

Before  the  absolute  loss  value  of  a  splice 
can  be  established,  it  is  first  necessary  to 
avoid  experimental  conditions  that  adversely 
affect  the  results.  In  this  regard  there  has 
been  considerable  debate  and  confusion  in  the 
industry;  techniques  designed  for  multimode 
fibers  are  often  applied  to  single  mode 
systems.  A  case  in  point  is  the  concept  of 
equilibrium  mode  power  distribution.  Splice 
measurements  under  equilibrium  (steady  state) 
conditions  are  expected  to  yield  results  that  are 
definitive  and  representative  of  transmission 
line  environments. 

For  multimode  fibers  the  splice  loss  depends 
on  the  mode  distribution.  Equilibrium  is 
achieved  either  by  using  a  very  long  fiber 
section,  by  means  of  a  mandrel  wrap  of  a  short 
section,  or  by  controlling  the  spot  size  and 
numerical  aperture  of  the  beam.  In  contrast, 
most  single  mode  fibers  do  not  require  a  long 
length  or  a  mandrel  wrap  because  only  one  mode  is 
present.  This  approach  is  well-recognized  now 
and  contained  in  the  Fiber  Optic  Test  Procedure 
(FOTP)  171  recently  drafted  by  the  EIA. 

The  factors  that  affect  insertion  loss 
are:  nature  of  the  source,  light  launch 
conditions,  nonequilibrium  modal  state,  presence 
of  cladding  modes,  fiber  type,  and  the  test  fiber 
interface  at  both  ends.  Detailed  analysis  of 
many  of  these  parameters,  specifically  relating 
to  multimode  fibers,  have  appeared  in  several 
publ ications3  .  It  is  appropriate  to  review 
this  with  reference  to  single  mode  fibers. 

Source:  Selection  of  a  light  source  depends 
on  the  output  and  the  range  of  values  desired. 
Traditionally,  an  LED  is  preferred.  Because  it 
provides  a  wide  beam  angle,  it  is  easy  to 
overfill  the  fiber  core.  Also,  it  is  unaffected 
by  temperature  fluctuations  and  back-scattered 
light.  However,  its  spectrum  is  somewhat  wide. 

A  laser  has  a  narrow  spectrum,  but  it  is 
sensitive  to  temperature.  Back-scattered  light 
is  also  a  feature.  Although  white  light  can  be 
used,  it  would  need  an  optical  filter  to  control 
wavelength  and  a  chopper  with  associated 
electronics  for  signal  processing.  One 
difficulty  with  white  light  is  that  its  output  is 
comparatively  low. 
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Most  experimentalists  tend  to  build  their 
own  source  and  detector  assemblies.  This  has 
resulted  in  much  discussion  about  the  specifics 
involved.  One  problem  with  coherent  laser  light 
is  the  generation  of  modal  noise  at  misaligned 
connections . 

Launch:  Far  multimode  fibers,  the  numerical 
aperture  is  important.  On  the  other  hand,  for 
single  mode  fibers,  the  correct  alignment  and 
air-gap  at  the  source  are  the  factors  that  should 
be  considered. 

As  stated  earlier,  there  is  no  need  for  a 
mandrel  wrap  when  single  mode  fiber  is 
involved.  If  the  fiber  coating  has  an  index 
lower  than  that  of  the  cladding,  cladding  mode 
strippers  (CMS)  must  be  placed  both  after  the 
source  and  ahead  of  the  detector.  However,  the 
present-day  coatings  are  well  standardized,  the 
CMS  may  not  be  required. 

For  single  mode,  the  source  must  be  chosen 
so  that  the  spectral  output  is  above  the  cutoff 
wavelength  of  the  test  fiber.  Otherwise, 
undesirable  secondary  modes  will  be  generated. 

One  point  of  importance  is  the  length  of  the 
launch  fiber.  This  is  not  a  problem  with  matched 
cladding  fibers  which  are  insensitive  to 
length.  When  depressed  cladding  fibers  are  used, 
the  length  is  considered  to  be  critical. 


Interconnection  Points 

To  conduct  splice  testing,  the  fiber  ends 
must  be  connected  to  the  equipment  by  appropriate 
means,  and  the  alignment  should  be  optimized  if 
necessary.  Care  must  be  exercised  to  eliminate 
errors  that  may  arise  at  these  points.  The  same 
power  losses  that  can  occur  at  the  test  splice 
are  also  possible  at  the  two  interconnection 
points. 

The  variables  consist  of  both  fiber 
intrinsic  parameters  as  well  as  extrinsic 
mechanical  parameters.  The  fiber  intrinsic 
parameters  are  mode  field  radius  (spot  size), 
core  ellipticity,  fiber  diameter,  and  core¬ 
cladding  eccentricity.  The  extrinsic  parameters 
consist  of  transverse  offset,  end  separation, 
tilt  angle,  and  fiber  end  angle. 

Industry  experience  shows  that  fiber 
diameter  variations  and  core-cladding  offset  are 
negligible  with  lightguides  that  represent 
current  technology.  According  to  the 
literature  ,  changes  in  spot  size  in  combination 
with  a  5-percent  core  ellipticity  will  result  in 
only  a  maximum  loss  of  0.015  d8.  At  Contel  Labs, 
losses  less  than  0.01  dB  have  been  achieved  using 
a  simple  V-groove  splice.  This  confirms  that  the 
intrinsic  parameters  of  currently  manufactured 
fibers  have  no  effect  on  the  real  splice  loss. 
Furthermore,  extrinsic  mechanical  alignment 
factors  are  usually  well  controlled.  Fiber  end 


angles  also  appear  to  be  less  critical  because  of 
the  use  of  index  matching  gel.  Therefore,  the 
real  concerns  are  the  errors  due  to  mating  and 
unmating  at  the  interconnection  points. 


Tables  1  and  II  show  the  variability  of 
reference  power  levels  due  to  mating  and  unmating 
the  test  fiber  ends  inherent  in  the  method 
illustrated  in  Figure  1. 


mu  i 

VAft [ AOIL I  TV  OF  REFERENCE  POWER  LEVEE', 
10-FOOI  MATCHED  CLADDING  FIBER 
Instrument  -  Siecor  M81/M82  Optical  Test  !>t 
Output  Stability  -  0- IS  08 
Multimode  Pigtails  at  Both  Ends 


UBl£  II 

VARIABILITY  <.jr  HEHRtNCt  POWER  LEVELS 
10-fUOT  MATCHED  CLADulNG  FIBER 
Instrument  -  Anrilsu  Mf,9?l  A/ML9  ?A 
Output  Stabi !  1 1 V  -  0.?  <1B 
Single  Mode  Pigta’Ts  at  Both  Ends 


Note  l:  Using  a  different  set  of  pigtails. 
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Table  I  represents  experiments  conducted 
using  multimode  pigtails  to  obtain  maximum  power 
transfer  at  the  connection  points.  To  ensure 
that  the  variabilities  remained  within  acceptable 
limits,  the  V- groove  splices  were  disassembled, 
cleaned,  and  refilled  with  index  matching  gel  at 
the  completion  of  each  set  of  measurements. 
Because  of  the  absence  of  a  coating,  care  had  to 
be  taken  to  ensure  that  the  bare  fiber  ends 
originating  from  the  pigtails  were  held  rigidly 
at  the  interconnection  points.  Sometimes  some 
movement  is  unavoidable. 

The  standard  deviation  ranges  from  0.4  dB  to 
1.0  dB.  This  reflects  a  standard  error 
(Sigma/n2)  of  0.14  to  0.35  dB,  which  is 
substantial.  The  high  standard  error  is 
attributable  to  random  insertions  of  the  fiber 
ends  at  the  splice  points  as  well  as  the 
limitation  of  the  meter  resolution  (0.1  dB). 

Smaller  standard  deviations  are  observed 
when  single  mode  pigtails  are  used  in  conjunction 
with  a  power  meter  of  better  resolution 
(0.01  dB).  As  indicated  in  Table  II,  the 
standard  deviation  varies  from  0.09  dB  to 
0.82  dB.  The  corresponding  standard  error  varies 
from  0.04  dB  to  0.29  dB,  depending  on  the  pigtail 
used.  An  error  of  0.29  dB  is  still  high. 


No.  1  between  Mj  and  M2.  The  fiber  end  on  the 
detector  side  is  removed,  and  the  test  splice 

contained  in  fiber  No.  2  is  measured  by  coupling 
it  with  M2  and  M3. 

The  loss  of  M3  and  its  variability  can  be 
determined.  Knowing  this,  B,  representing  the 

deviation  due  to  mating  and  unmating  at  the 

splice  points  M3  and  Mj>,  is  calculated.  An 

assumption  implied  in  this  procedure  is  that  the 
coupling  at  Mj  and  M2  are  precise. 


FIGURE  6.  MFTHfiCj  r;.l»  CONTINUOUS 
MDNJ TORINO  OF  LOSS 


The  loss  is  composed  of  three  components: 


Bare  Fiber  Adaptors  (BFA) 

One  quick  way  to  avoid  the  mating/unmating 
error  is  to  use  bare  fiber  adaptors  at  both  the 
source  and  detector  recepticles.  However,  it 
will  be  very  difficult  to  reproduce  the  original 
launch  and  receive  conditions  due  to  the 
variations  in  the  fiber  end  quality. 


LID 

The  Local  Injection  and  Detection  (LID) 
system  is  another  method  to  circumvent  the 
connection  problems  relating  to  the  test  fiber 
ends. 

This  method  is  based  on  the  fact  that 
bending  a  fiber  creates  "leaky  modes"  which  can 
transfer  power  from  a  fiber  core  into  the 
cladding  and  coating.  Conversely,  light  can  be 
injected  at  a  bend. 

A  lens  focuses  light  into  the  core  on  one 
side  of  the  splice.  The  radiation  ejected  from 
the  core  on  the  other  side  of  the  splice  is 
detected  by  means  of  a  photodetector.  The 
alignment  is  optimized  by  measuring  the  output  at 
the  second  bend.  This  technique  is  ideal  to 
optimize  fiber  alignment  at  the  splice  point,  but 
provides  only  an  estimate  of  the  splice  loss. 

PROPOSED  PROCEDURE 

The  method  is  illustrated  in  Figure  5.  An 
initial  loss  reading  is  taken  by  connecting  fiber 


Loss  *  L-f  +  L3  +  B 

where 

Lt  =  Loss  of  test  splice 
L3  *  Loss  of  M3  splice 
B  =  Error 

During  the  experiment,  splice  M3  is  not 
disturbed  so  that  the  light  launch  conditions  are 
constant.  However,  the  splices  at  M3  and  M2  are 
disturbed  each  time  the  test  splice  fiber  ends 
are  inserted  or  removed.  Therefore,  it  is 

essential  that  the  alignment  is  restored  to  its 
original  optimized  state  as  best  as  possible. 
This  means  that  the  devices  used  at  these  two 
points  are  required  to  be  precisely  controlled. 

Several  commercially  available  mechanical 
splices  were  investigated  to  select  a  splice 
suitable  for  use  as  the  interconnection  point. 
Attention  was  focused  on  the  elastomeric  splice 
(GTE)  and  a  V-g-oove  splice  (Mekconl ite) . 

The  elastomeric  splice  consists  of  two 

half-hexagonal  pieces,  one  with  a  V-groove.  The 
triangular  interstitial  space  formed  by  the  two 
pieces  is  smaller  than  the  fiber  size.  This 
enables  equal  distortion  of  all  three  sides  so 
that  the  fibers  are  concentric  to  one  another. 
To  minimize  the  losses  due  to  variations  in  the 
fiber  end  quality,  an  index  matching  gel  is 
contained  in  the  core. 

The  second  splice  features  an  anodized 
aluminum  barrel  with  a  V-groove  and  a  flat  alumi- 
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num  leaf  on  top.  The  groove  is  filled  with  an 
index  matching  fluid.  The  fibers  are  placed  in 
the  end  caps  so  that  the  ends  make  contact  at  the 
midsection  of  the  barrel.  The  leaf  is  squeezed 
to  press  the  fibers  into  the  groove  prior  to 
locking  it  in  place.  To  optimize,  the  leaf  is 
unlocked  and  one  fiber  rotated.  The  fiber 
rotation  and  the  compression  of  the  leaf  are 
performed  alternately  until  maximum  power 
transfer  is  achieved. 

Repeated  insertions  of  the  fibers  in  the 
elastic  core  tended  to  break  the  fibers.  In 
contrast,  the  V-groove  splice  was  less  cumbersome 
and  more  reproducible  when  repeated  insertion  and 
removal  of  the  fibers  were  considered.  For  this 
reason,  the  latter  device  was  selected  for  use  in 
the  experiments. 


SAMPLES 

The  initial  measurements  were  conducted 
using  fibers  manufactured  by  different  vendors 
and  fused  with  a  variety  of  fusion  splicers 
including  the  Siecor  M67  and  the  Fujikura 
FSM-20.  The  fiber  ends  were  cleaved  using  either 
a  GTE  or  Thomas  &  Betts  tool.  The  end  angles 
were  checked  using  a  Newport  Corporation  Model 
F-IM1  micro-interferometer.  A  total  of 
23  splices,  8  of  which  represented  chain  samples, 
were  prepared.  The  fiber  section  utilized  was 
10  to  15  feet  in  length. 

Tests  to  check  the  correlation  between  the 
true  value  and  the  measured  value  involved  both 
mechanical  splices  as  well  as  fusion  splices 
prepared  using  a  Northern  Telecom  splicer.  The 
following  number  of  splices  were  prepared: 

Optasplice  (TRW)  9 
Elastomeric  (GTE)  7 
Rotary  Mechanical 

Splice  (AT&T)  2 
Fusion  17 

The  true  loss  values  were  determined  using 
either  the  method  shown  in  Figure  1  (uncut  fiber) 
or  a  profile  alignment  system  (cut  fiber). 

The  splice  loss  values  were  adjusted  to 
include  the  entire  range  from  0.01  to  2  dB. 


RESULTS 

Figure  6  illustrates  the  correlation  between 
measured  and  actual  splice  loss  values  for 
several  splices  consisting  of  both  mechanical  and 
fusion  splices,  including  a  few  chain  samples. 
The  error  (0.15  dB)  was  determined  using  only  one 
control  splice.  Not  only  is  the  term  B  high,  but 
the  points  are  scattered.  The  R  factor  of  0.881 
is  low  and  is  not  quite  satisfactory.  The  fiber 
ends  were  handled  carefully,  but  the  ends  were 
left  exposed  to  air. 


In  order  to  improve  the  correlation  factor, 
a  method  to  protect  the  fiber  ends  was  devised. 
This  is  shown  in  Figure  7. 


The  measurements  were  repeated  with 
additional  samples.  The  error  term  was 
determined  based  on  seven  control  splices.  The 
term  was  0.01  dB,  which  represents  considerable 
improvement.  It  shows  the  importance  of  the  end 
protection  step. 
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The  results  summarized  in  Figures  8  and  9 
demonstrate  that  very  good  correlation  is 
achieved.  The  R  factor  ranges  from  0.954  to 
0.998.  The  data  are  reproducible  even  when  the 
measurements  were  repeated  after  storing  the 
samples  at  room  temperature  for  two  months.  As 
indicated  in  Table  III,  the  error  is  reduced  to 
as  little  as  0.003  dB,  which  is  below  the 
accuracy  of  the  measuring  instrument. 

Table  III  demonstrates  the  experimental 
capability  for  bidirectional  measurements  as  well 
as  the  determination  of  losses  for  splices  formed 
using  dissimilar  fibers.  With  two  exceptions, 
good  agreement  and  repeatability  are  observed  in 
most  of  the  measurements.  In  the  case  of  the 
V-groove  splice,  for  some  unknown  reason,  the 
delta  is  considerably  high  (0.11  dB).  Splices 
identified  as  47  and  41  also  evidence  a  slightly 
larger  difference  ‘■‘-’n  nominal  0.01  to  0.02  dB. 
This  is  probably  due  l.  the  fact  that  the  true 
loss  values  were  estimated. 
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Additional  tests  were  performed  to  determine 
whether  or  not  the  length  of  the  launch  fiber 
section  adversely  affected  the  accuracy  of  the 
measurements.  The  loss  value  of  selected  splices 
were  remeasured  after  introducing  a  minor 
modification  of  the  experimental  arrangement. 

In  the  first  two  tests,  the  2-km  test  fiber 
was  replaced  with  1-meter  fiber  sections 
representing  both  matched  cladding  and  depressed 
cladding  types.  In  the  final  two  tests,  the  2 
meters  of  the  fiber  were  connected  directly  to 
the  source  by  means  of  a  bare  fiber  adaptor 
(BFA).  This  eliminated  both  the  splice  and 
the  2-km  fiber  contained  in  the  experimental 
arrangement. 
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The  results  are  contained  in  Table  IV.  The 
data  confirm  that  the  test  is  insensitive  to  the 
length  of  the  launch  fiber  section  irrespective 
of  the  cladding  type  used.  Therefore,  single 
mode  fibers  can  be  tested  using  launch  fibers  as 
short  as  2  meters.  There  was  also  no  variability 
when  the  length  of  the  fiber  section  containing 
the  test  splice  was  reduced  to  3  feet. 

Having  established  the  technique,  the  next 
step  was  to  verify  its  application.  A  large 
number  of  samples  was  prepared  and  the  loss 
changes  due  to  environmental  exposures  were 
monitored.  The  samples  represented  a  variety  of 
mechanical  splices  and  several  fusion  splices. 
The  results  shown  in  Tables  V  and  VI  confirm  that 
the  method  is  very  satisfactory. 
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TABU  V 

LIGHT  GU I  BL  L.PLICLS  -  'LMPLRATURL  CYCLING1 


Sate:  .  -<jrF  to  6  cyc’-cs  per  day. 


CONCLUSIONS 

An  experimental  method  that  permits 
continuous  monitoring  of  single  mode  splice  loss 
has  been  developed.  The  procedure  is  a  modified 
version  of  the  traditional  transmission 
measurement  which  includes  a  cutback  and 
substitution  steps. 

The  errors  introduced  when  the  fiber  ends  of 
a  test  splice  are  removed  and  reinserted  at  the 
interconnection  points  are  calculated  based  on 
the  known  values  of  control  splices.  It  is  shown 
that  the  correction  term  for  these  errors  can  be 
determined  precisely.  By  protecting  the  fiber 
ends  during  handling,  it  is  possible  to  "educe 
the  error  to  as  littlp  as  0.003  dB,  which  is 
below  the  accuracy  of  the  measuring  equipment. 

A  comparison  of  the  measured  loss  values  and 
the  true  values  shows  that  a  correlation  factor  R 
of  0.954  to  0.998  is  achieved.  It  is  also 
demonstrated  that  bidirectional  tests,  as  well  as 
the  determination  of  losses  of  splices  formed 
using  dissimilar  fibers,  can  be  made.  Another 
advantage  of  the  method  is  that  measurements  can 
be  performed  using  fiber  sections  as  short  as 
2  meters. 
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TABLE  Vi 

l;lat;.;:e  splices  ■  evvironxestal  tesusa 


Notes:  1.  10  Mf  to  45  Hi  with  a  displacement  of  0.04  inch 

and  a  cycling  time  of  2  minutes;  duration 
minutes  in  each  direction. 

?.  At  room  temperature,  7  days. 
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This  paper  will  show  that  routine 
quality  testing  of  optical  fiber  cables 
is,  in  our  opinion,  best  done  through 
the  well  known  OTDR  technique.  A  com- 
puter-assi  sted  system  has  been  developed 
for  this  purpose.  It  has  been  in  use 
since  1983  and  it  represents  an 
essential  part  of  cable  testing  during 
and  after  production.  During  that  time, 
several  improvements  have  been  imple¬ 
mented  to  match  the  massive  technical 
progress  in  the  fiber  optic  cable  field. 
Improved  production  methods  now  enable 
fiber  manufacturers  to  supply  fibers 
with  lengths  up  to  12  km  or  more  on  a 
regular  basis.  To  take  full  advantage  of 
this  development,  it.  is  not  only  neces¬ 
sary  to  process  these  fibers  as  one  unit 
but  also  to  measure  them  as  one  single 
cable  production  length  in  such  manner 
that,  after  dividing  into  individual 
sections,  these  do  not  need  further 
measurement . 


Advantages  of  the  OTDR  Measurement. 


Although  they  are  well  known,  it  may¬ 
be  useful  to  summarize  the  prominent  ad¬ 
vantages  offered  by  this  technique  which 
is  specific  to  optical  fibers.  No  other 
comparable  measurement  technique  yields 
so  many  simultaneous  data  as  does  the 
OTDR. 


First  of  all,  it  provides  infor¬ 
mation  on  the  spatial  distribution  of 
defects  and  imperfections  along  the 
fiber  in  a  manner  very  similar  to  the 
TDR  measurements  performed  on  copper 
cables.  Furthermore,  we  also  obtain  a 
picture  of  the  distribution  of  the 
attenuation  along  the  fiber  and  this  is 
perhaps  the  most  exciting  property  of 
this  technique.  However,  this  applies 
strictly  speaking  only  if  some  boundary 
conditions  are  considered.  For  example, 
we  have  to  take  into  account  the 
possibility  of  inhomogeneities  and 
directional  dependence  of  the  measure¬ 
ment.  One  therefore  has  to  recognize 


that  the  OTDR  measurement  is  not  a  true 
attenution  measurement  when  compared  to 
the  traditional  transmission  attenu¬ 
ation  method  like  the  cut- back 
procedure.  The  experience  gained  during 
the  past  years,  however,  has  confirmed 
the  reliability  of  OTDR-based  attenu¬ 
ation  values. 

A  third  and  very  important  property 
is  that  the  OTDR  measurement  needs  to  be 
performed  from,  one  end  of  the  fiber 
only.  Everybody  involved  with  fiber 
optic  cables  knows  how  time-consuming  it 
can  be  to  prepare  the  end  of  a  cable  for 
.measurement  and  to  align  the  fibers  for 
connection  to  the  test  equipment.  In 
fact,  this  point  is  of  fundamental 
importance  to  the  cable  testing  depart¬ 
ment  when  it  comes  to  savings  of  cost 
and  time. 

State-of-the-Art. 

In  the  field  of  OTDR  measurement, 
today’s  market  offers  the  so-called 
third  generation  of  equipment.  A  variety 
of  OTDRs  with  different  properties  for 
virtually  all  i'mag  inab  1  e  appl  ications 
are  now  available.  Sophisticated  signal 
conditioning  and  evaluation,  a  choice  of 
two  selectable  wavelengths  (1,300  and 
1,  550  nm)  ,  computer  interface  and  a  very- 
convenient  selection  of  pulse  widths, 
attenuation,  distance  and  resolution 
ranges  can  be  considered  standard. 

Significant  improvements  have  been 
achieved  witn  regard  to  distance  range, 
measurement  time,  signal  conditioning 
and  reproducibility.^  It  is  no  longer 
surprising  to  observe  a  variation  of 
less  than  0.01  dB/km  in  a  group  of 
consecutive  measurements  carried  out  on 
the  same  siigle  mode  fiber  in  either  the 
second  or  third  window. 

As  far  as  the  fiber  properties  are 
concerned,  we  can  record  nowadays  a  high 
degree  of  uniformity  and  homogeneity. 
The  problems  encountered  in  the  early 
days  of  fiber  technology  are,  as  a  rule, 
no  longer  of  any  concern. 
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A  pat-,  icular  i  r  ob  If:.  :'.oun  c  ter  •he 
measurement  u!  attenuation,  n^rfiy  •  :.< 
definition  ^r.:  ol:trvanoi,  of  suit  .Tele 
Inline!  i  ny  com!  it  ions,  is  eliminated  at- 
.  nolo  mode  fibers  lave  toy  laced  graded 
index  fibers  in  most  applications:.  One 
can  a  1  so  see  a  r:  rarfablc-  evolution 
toward  longer  fiber  c-ab'.c  delivery 
lengths.  This  fact  has  an  impact  on  the 
cable  manufacturing  process  which  leads 
to  new  technical  sel::':  ions  1  ike  f  ho  one 
described  in  tl is  paper. 


Cable  Testing. 


The  quality  control  of  fiber  opt  ic 
cables  in  our  company  was  based,  from 
the  beginning,  on  OTPR  measurements. 
This  is  the  only  measurement  carried  out- 
on  a  100%  basis  after  each,  production 
step,  starting  with  100%  inspect  ion  of 
each  arriving  fiber  shipment.  The 
adopted  .procedures  have  been  described 
earlier.-  It  should  be  pointed  out, 
however,  that,  the  final  testing  of  the 
cable  also  consists  of  an  OTDR 
measurement,  usually  performed  only  from 
one  end  of  the  cable.  This  could,  of 
course,  have  been  complemented  by  the 
measurement,  from  the  other  end,  before 
jacketing.  The  tests  arc  nado  at  both 
wavelengths  of  interest,  in  the  same 
operation,  if  necessary.  The  results  are 
recorded  by  a  Personal  Computer  (PC) 
associated  with  each  OTDR  and  stored  on 
a  diskette.  These  results  comprise  not 
only  a  complete  digital  record  of  the 
OTDR  screen  trace  with  all  related 
parameters,  but.  also  the  calculated 
attenuation  coefficient.  The  corres¬ 
ponding  diskette  file  contains  the 
complete  records  of  all  fibers  in  the 
cable,  the  applicable  cable  identi¬ 
fication  data  and  also  the  measurement 
parameters,  such  as  pulse  width  and 
wavelength.  The  configuration  of  the 
test,  sets  and  their  associated  software 
have  been  developed  in  our  laboratory'.  A 
view  of  such  a  test  set  is  illustrated 
in  Fig.  1 . 


Fig.  2.  PC  and  printer  for  data  analy¬ 
sis  of  OTDR  measurements. 


The  software  guides  the  operator 
during  the  tes“  so  as  to  avoid  erroneous 
fiber  selection.  The  data  analysis  is, 
again,  done  with  the  help  of  a  Personal 
Computer,  associated  with  a  dot-matrix 
printer,  as  shown  ir.  Fig.  2. 
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Ten  OTPR  screen  p  i  ct  u  res ,  mak  ing  up 
one  page,  arc  printed  out  together  with 
the  corresponding  attenuation  values  and 
all  relevant  data  pertaining  to  the 
order,  as  shown  in  Fig.  3.  If  the  screen 
pictures  are  not  needed,  it  is  possible 
to  print  out  only  the  attenuation 
values.  This  system  has  proven  itself  to 
be  very  reliable  during  the  last  five 
years.  It  had  to  be  adapted,  of  course, 
to  newer  equipment  generations  and  it 
was  improved  along  with  the  increased 
requirements  of  the  test  department. 

New  Requirements. 

As  already  mentioned,  present  de¬ 
liverable  optical  fiber  manufacturing 
lengths  are  on  the  order  of  12  km.  This 
value  is  expected  to  be  exceeded  in  the 
near  future.  To  take  full  advantage  of 
this  impending  development  it  is  neces¬ 
sary  to  prepare  a  process,  during  cable 
manufacture,  that  can  accommodate  the 
long,  uncut  cable.  On  the  other  hand, 
cables  of  shorter  length  (i.e.:  2  km) 
will  continue  to  be  delivered,  depending 
on  installation  requirements.  In  these 
cases  it  becomes  necessary  to  cut  the 
long  production  leng'h  into  individual 
delivery  lengths. 

The  great  number  of  expensive  and 
time-consuming  tests  to  ensure  quality 
represents  a  substantial  portion  in  the 
overall  cost  of  cable  manufacture.  One 
must  therefore  keep  in  mind  the 
advantages  arising  from  longer 
production  lengths  without  sacrificing 
re  1  i  ab  i  1  :  ty . 

Measurement  of  Long  Cables. 

This  problem  is  solved  by  a  measure¬ 
ment  performed  on  the  long  production 
cable,  using  adequately  high  resolution. 
After  cutting  the  long  cable  into 
individual  sections,  the  corresponding 
portion  of  the  recorded  backscatter i ng 
trace  is  identified  and  printed  ou1: 
separately  for  each  section.  This 
procedure  relies  on  the  assumption  that, 
cutting  does  not  affect  the  cable 
properties.  This  process  obviates  the 
need  for  measuring  each  individual  cable 
b  e  f  ore  shipment.  Regardless  of  the 
length  of  the  individual  sections,  we 
are  now  able  to  supply  a  reliable 
backseat  ter ing  record  -  at  least  for  the 
majority  of  the  cables  -  without  the 
uncertainties  associated  with  saturation 
of  the  detector  at  the  beginning  of  the 
cable.  Obviously,  the  main  advantage 
offered  is  the  substantial  reduction  of 
measuring  t  ime  and  result  Lng  increase  in 
throughput  which  reduces  the  need  for 
additional  measuring  capacity.  A  diagram 
of  the  adopted  solution  is  illustrated 
in  Fig.  4  . 


Basic  Considerations. 

Until  now,  the  common  delivery  length 
was  about  2  km  or  less.  Therefore,  the 
measurements  were  carried  out  with  a  2.5 
km  OTDR  window.  The  digital  resolution 
of  the  x-axis  is  500  points,  which 
corresponds  to  5  m  increments.  The  pulse 
width  has  to  be  selected  depending  on 
the  needs  of  the  measurements  and  the 
capabilities  of  the  OTDR.  A  commonly 
used  value  for  factory  measurements  is 
100  ns.  This  provides  adequate  digital 
resolution. 

If  one  has  to  make  a  measurement  on 
a  12-km  cable  with  a  20-km  window  for 
example,  this  leads  to  a  40  m  digital 
resolution.  This  resolution  seems  to  be 
unacceptably  low  because  the  quality  of 
the  backscatter ing  pictures  would  be 
degraded  by  a  factor  of  eight.  To  solve 
this  problem,  a  different  approach  was 
adopted,  whereby  the  long  cable  is 
measured  in  2.5-krn  sections  by  shifting 
the  OTDR  window  in  successive  incre¬ 
mental  steps.  The  individual  records  are 
then  linked  together  and  stored  as  a 
single  data  file.  This  method  ensures 
that.  the  required  resolution  is 
ma i n  t a i ned . 

Another  important,  factor  is  the  data 
analysis  after  the  long  cable  is  cut. 
One  has  to  carefully  read  the  metering 
"arks  at  both  ends  of  the  delivery 
length.  Both  of  these  values  determine 
the  limits  for  the  required  portion  of 
backscatt.eri.ng  trace  and  only  this  part, 
will  be  printed.  It  should  be  mentioned 
that  a  part,  of  the  responsibility  is  now 
shifted  from  the  test  team  to  the 
superv i sor . 

Carrying  out  the  Measurement. 

The  outer  end  (on  the  reel)  of  the 
long  production  cable  length  is  prepared 
for  the  measurement  and  then  connected, 
fiber  by  fiber,  to  the  OTDR  as  usual. 
Preparation  of  the  inner  end  (on  the 
reel)  is  limited  to  permit  testing  the 
end  reflection,  so  as  to  ensure  the 
continuity  of  the  fibers.  At  the  same 
time,  the  metered  readings  from  both 
ends  are  delivered  to  the  input  of  the 
Personal  Computer. 

In  the  operational  mode  which  allows 
the  viewing  of  the  whole  cable  length, 
the  fiber  is  tuned  to  maximum  signal 
response  and  the  trace  is  checked  foi 
imperfections.  At  the  same  time,  an 
overall  attenuation  coefficient  is 
obtained  and  stored  and  the  approx ima te 
length  of  the  fiber  is  set  manually  with 
a  marker.  Once  this  step  is  accom¬ 
plished,  the  2.5  km  OTPC  window 
containing  the  end  of  the  fiber  is  set. 
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The  marker  is  again  set  to  the  end  of 
:  1: '<•!  ,  *:  as  enai  I  ina  the  computer 

* «.  ■  e  i  c  a  1  a  *.  e  r  r.c  c  f  t  ec  *  i  v ( 1  tip- pa  y  on  r 
i  r  ar'x  e  f  r  o  f  r  a  c  7  i  i  ’n  ■.  *  1  *  1  :o  c ate  1  e  . 

he  save  developed  'he  process  to  f he 
point  where,  oner  the  procedure  is 
:•  a  r  t  ed ,  t  he  vv  ho  1  e  sea  s  u  r  ere  on  f  s  oqu  one  c 
is  performed  au tomu  t i ca i  1  y .  In  order  to 
ensure  the  shortest  measuring  time  for 
the  required  signal  quality,  the 
software  has  been  optimized  to  stop  the 
averse  in j  process  at  t  he  proper  time, 
d e p-  e  r.  J  1  r:  j  on  1  •;  n a  1  a  mp  1  i  t  uti e . 

To  ascertain  :  :u>  t  t:.e  measurement  is 
transmitted  accurately  to  t.ho  PC,  each 
OV'.'R  screen  picture  is  displayed  again 
as  a  copy  on  the  PC  monitor.  Small 
imperfections  can  be  seen  at  this  time. 
Another  point  of  interest  is  that  the 
backseat  tor  ing  signal  has  to  be  recorded 
on  an  absolute  scale  to  got  a  continuous 
trace  across  all  windows.  Once  the 
process  is  completed,  the  OTDR  is 
switched  back  in  2.5  krr.  window 
increments  and  the  procedure  is 
automatically  repeated  until  the  first 
section  is  completed. 

Ail  measurements  of  a  fiber  at  one 
wavelength  are  stored  as  a  single  record 
on  the'  diskette  and  all  records  of  the 
same  cable  constitute  a  single  file.  It 
is  our  practice  to  treat  the 
measurements  of  the  same  cable  at 
different  wavelengths  as  measurements  of 
different  cables.  Once  the  measurements 
are  completed,  the  diskette  is  sent  to 
the  office  for  analysis. 

Data  Analysis. 

Once  the  diskette  is  copied  into  the 
tiles  of  the  data  analysis  computer,  if 
is  stored  in  the  office  as  a  document. 
The  first  part  of  the  data  analysis  is 
the  certification  of  compl iance  of  the 
measured  attenuation  with  the  customer's 
spec i f ica t ions.  At  this  point  acceptance 
of  the  cable  by  the  customer  should  take 
place.  Depending  on  the  customer's 
order,  the  cable  may  later  be  cut  into 
individual  sections.  If  this  occurs,  trie 
analysis  continues  and  the  requir'd 

back  sea t ter ing  records  are  printed  ou*  . 
For  this  purpose  each  par*  >•! 

printout  is  first  ass  omb  1  od  a a  i  : ,  q  :  . 

display  on  the  computer  mor*  i  *:•  ►  c  . 

then  simply  printed  '■>•.:*■  if  . 

usin'"}  standard  Cfi;:r  m-i::  .  ; 

n  i  f  i  e  a  n  t  1  y  s  i  m  \  1  i  f  j  •  ■  s  *  :  •  ;  *  ■  •  •  . 


adv  i  sab  1  e  to  use  a  T  o  *  sona  J  Comp  u  t  e  r 
with  h i g he r  speed  and  a  1  a se r  p r  i rt ye r  . 
For  laboratory  use,  however,  simpler 
equ  i pnion  t  ma y  be  sa  t  i  s  f  a c  to r  y  .  T he 
software  deve loped  for  this  purpose  is 
compatible  for-  both  types  of  processing. 

Future  Developments. 

The  described  system  has  been 
installed  in  our  test  department  and  has 
shown  itself  to  be  a  great  improvement. 
For  good  vendor-customer  relations  it  is 
important  now  to  establish  that  this 
system  is  state-of-the-art  by  proving 
its  reliability  day  after  day.  Based  on 
our  encouraging  experience,  we  are 
confident  that  this  will  be  possible  in 
the  near  future. 

Several  future  developments  are  now 
being  investigated.  Among  these  is  the 
integration  of  this  system  into  the 
general  factory  computerization  and  the 
replacement  of  the  Personal  Computer  and 
diskette  attached  to  the  OTDR  by  a 
direct  link  to  a  central  computer. 
Another-  interesting  development  will  be 
an  automatic  fiber  feeding  and  connect¬ 
ing  device  suitable  for  speeding  up  the 
measurement  and  simplifying  the  work  of 
the  operators.  A  remaining  task  is  the 
adaptation  to  newer  equipment  emerging 
with  technical  progress. 


rone  1 u  s ion . 

The  reasons  for  selecting  the 
measurement  as  the  principal  mcasi.rr 
technique  during  and  after  opricai  : 
cable  production  have  been  ox:  1  >.*• 
system  based  on  corr u-er  i  . 
measurement  of  long  carle  ;  * 
lengths  for  final  rest  ir.a 
pr  esented.  This  syr*.  »  •  : 

need  for  the  m.easu  r  <  ■  r  * 

lengths  cut  from  a  1  ••  - 
of  7.  he  procedure  :  «jv  :  •  «  • 
some  of  rhe 
cons  i dor  a*  b  n  .  •  ■  ■ 
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Abstract 

By  means  of  heterodyne  detection  the 
sensitivity  of  OTDRs  can  be  increased 
considerably.  Problems  concerning  source 
bandwidth,  optical  system  attenuation  and 
long-period  fading  effects  oouLd  be  solved. 
The  newly  developed  field-portable  HOTDR 
opens  ultra  long  measurement  range. 


Introduction 

The  first  Optical  Time  Domain  Ref lectcmeter 
was  demonstrated  just  in  19761 '  and  the 
first  commercial  OTDR  was  available  only  ten 
years  ago^ .  Nevertheless  this  fiberoptic 
instrument  has  proved  to  be  extremely  valu¬ 
able  for  simple  and  quick  measurements  of 
optical  cable  transmission  characteristics 
(e.g.  attenuation,  splice  loss,  fault 
location) . 

Its  basic  idea  is  to  launch  a  short  light 
pulse  into  one  end  of  the  fiber  under  test. 
The  fiber  response,  composed  of  reflections 
and  backscatter,  is  measured,  time-resolved, 
and  then  analysed  until  the  signal  is  buried 
in  noise.  OTDR  measurement  range,  that  means 
optical  one-way  dynamic  range,  is  usually 
specified  for  SNR=1. 


Nowadays  the  "second  window"  of  silica  fibers 
at  1300  nm  is  widely  used  for  long  haul 
communication.  This  has  been  a  challenge  for 
OTDRs,  because  -  compared  to  the  "first 
window"  at  850  nm  - 

-  Rayleigh  backscatter  level  decreases  by  the 
forth  power, 

-  detector  sensitivity  is  inferior  by  at 
least  10  dB, 

-  semiconductor  laser  power  is  lower  by  at 
least  20  dB, 

-  coupling  to  single-mode  fibers  mostly 
used  at  long  wavelengths  causes  additional 
losses . 

Technological  progress,  especially  computer- 
based  fast  averaging,  has  helped  compensa¬ 
ting  for  these  physical  difficulties  in  part. 
However,  with  the  general  introduction  of  the 
"third  window"  at  1550  nm,  the  sensitivity 
requirement  for  OTDRs  will  be  increased 
further. 

Heterodyne  Detection 

In  a  previous  paper3 ^  we  demonstrated  that 
the  best  way  to  overcome  the  noise  limitation 
of  current  instruments  is  coherent  detection. 

Up  to  new  OTDR  detectors  resovhel  radio 
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receivers  fr  cm  the  early  days  of  radio 
engineering:  the  first  stage  of  technical 
development  was  based  on  direct  detection. 

Thereafter  the  so-called  superhet  receiver 
improved  radio  sensitivity  considerably. 

The  essence  of  all  coherent  detection  schemes 
is  to  mix  the  weak  received  signal  wave  with 
a  higher  power  locally  generated  wave  fran 
the  local  oscillator  (LO).  Applying  a 
nonlinear  detector  causes  a  cross-product 
term  in  the  detector  output  which  contains 
the  phase  and  the  amplitude  of  the  signal. 

Most  attenpts  to  create  a  coherent  OTDR  were 
made  by  using  the  heterodyne  technique4' 5 
A  general  block  diagram  of  a  Heterodyne  OTDR 
(HDTDR)  is  shewn  in  fig.  1. 


Source  Recewer 


Fig.  1.  Schematic  of  Heterodyne  OTDR 

The  probing  wave  and  the  LO  'wave  are  derived 
from  the  same  continuous  wave  laser. A  probing 
pulse  can  be  sent  into  the  fiber  by  light 
gatinq  whth  the  help  of  an  acoustooptical 
modulator  (AOM).  Thereby  the  excitation  wove 
is  aiditionally  frequency  shifted.  when 
mixing  the  backscatter  siqnal  with  the  LO  a 
cross-product  term  corresponding  to  the  modu¬ 
lators  acoustical  frequency  (e.q.  UX)  Mlz) 
will  be  produced  by  the  photodiode 


XPD  ~  2  PL0  +  2  PSIG 

*  7  PL0*  P2I eosUl?t  -  iu) 

with  P:  Power  of  ID  and  signal  wave, 
respectively, 

u,  i:  frequency  and  phase  of  the  beat 
or  intermediate  frequency  term. 

This  IF-signal  carries  the  complete 

backscatter  information. 

The  main  advantages  of  the  heterodyne 
principle  can  be  concluded  straight  from  the 
formula: 

-  The  backscatter  signal  is  amplified  try  the 
LO. 

-  The  backscatter  signal  is  proportional  to 
the  square  root  of  optical  power  only,  so 
that  the  electrical  dynamic  range  is  com¬ 
pressed  to  the  half. 

On  the  other  hand  some  complications  arise 
which  are  typical  for  coherent  detection 
schemes : 

-  The  optical  waves  must  have  sufficient 
coherence  properties  in  order  to  get 
a  stable  IF  signal  with  narrow  band¬ 
width.  Therefore  the  HOTDR  source  must 
have  an  e.-.tremely  narrow  spectrum  during 
measurements. 

-  Heterodyne  detection  is  polarization  and 
phase- sensitive.  In  worst  case  the  beat 
signal  even  vanishes. 

-  The  optical  system  configuration  is 
comparatively  complicated.  Moreover  bulk 
optical  components  are  inevitable.  The 
additional  loss  nust  be  minimized  in  order 
nek  to  compensate  the  heterodyne 
sensitivity  advantage. 
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Ojr  solutions  concerning  these  principal 
HOTDR  difficulties  are  schematically 
summarized  in  Fig.  2  and  will  be  discussed  in 
detail  hereafter. 


to  processing 
electronics 


Fig .  2 .  HOTDR  optical  system 


1.  Source 

To  meet  the  essential  HOTDR  requirement 
(bandwidth  <  1  Mte)  a  line-narrcwed  laser  was 
developed  baaed  on  a  semiconductor  DFB-LD. 
For  that  purpose  an  external  resonator  was 
built  including  a  fiber  coupler  and  a  short 
length  of  fiber  with  an  integrated  mirror. 
Variations  of  the  mirror  reflectivity  and  the 
coupling  ratio  yielded  minijml  linewidth 
ranges  as  shon  in  fig.  3. 


For  puipirtg  the  detector  and  excitating  the 
test  fiber  with  the  same  light  source  a  fast 
switch  is  necessary.  This  was  realized  by 
means  of  an  acoustooptical  modulator  (ACM) . 
Light  radiated  upon  the  ACM  and  meeting  the 
bragg  condition  is  deviated  frcm  straight 
passing  when  the  acoustic  wave  is  activated. 
Simultaneously  light  frequency  is  shifted 
amounting  to  the  acoustic  frequency  due  to 
the  doppler  effect. 

In  this  rranner  probing  pulses  in  the 
microsecond-range  can  be  produced  and  sent 
into  the  fiber  under  test  (see  fig.  2).  When 
the  ACM  is  deactivated  the  laser  light  passes 
to  the  detector.  Fig.  4  shows  a  schematic  of 
the  newly  developed  light  switch. 


Fig.  3.  Laser  linewidth  as  a  function  of 
reflection  factor 
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The  construction  of  such  a  device  designed 
for  single  made  fibers  is  rather  sophisti¬ 
cated  because: 


Fig.  4.  Schematic  of  the  light  switch 

-  coupling  of  the  bulk  ADM  crystal  to  the 
fibers  trust  be  done  by  lenses  although 
typical  bragg  angles  amount  to  only  1 
degree.  This  complicates  beam  separation 
in  a  cortpact  instrument  component . 

-  In  production  and  adjustment  sub-micraneter 
precision  is  required.  Coupling  loss  has  to 
remain  minimal  even  under  fieid  conditions. 

-  Both  internal  reflections  and  strong 

optical  signals  out  of  the  test  fiber  may 
disturb  the  source  spectral  purity.  There¬ 
fore  special  precautions  including  an 

optical  isolator  are  taken. 

In  spite  of  these  complications  the  entire 
attenuation  of  the  light  switch  -  including 
coupling  and  insertion  losses#  ADM  diffrac¬ 
tion  efficiency  etc.  -  is  only  about  5  dB. 


3.  Phase-  and  Polarization  Scramblers 

The  scattered  light  returning  fran  the  fiber 
under  test  contains  all  states  of  phase  and 
polarization.  Moreover,  certain  fiber 
sections,  e.g.  in  buried  cables,  may  be 
"frozen  in"  concerning  phase  and 
polarization.  This  results  in  bad  or  even 
missing  beat  signals. 


A  typical  heterodyne  backscatter  trace  from 
one  single  measurement  is  shewn  in  fig.  5. 
The  coherent  backscatter  signal  behaves 
like  an  inhomogeneous  noise  signal  each 
pulse  response  having  such  a  speckle-like 
appearance. 

Thus  signal  averaging  is  essential  for  the 
HOT  DR.  To  achieve  reasonable  measuring  times 
in  spite  of  long-period  coherent  fading 
active  scrambling  of  phase  and  polarization 
is  necessary. 

Statistical  phase  variations  between  signal 
and  LO  wave  are  achieved  by  small  and  slew 
chirps  of  the  laser  frequency.  These  trust 
carefully  be  tuned  to  preserve  short-term 
coherence,  but,  on  the  other  hand,  to  attain 
smooth  backscatter  traces  after  short  average 
time. 

Polar izaticn  scrambling  is  done  by  means  of 
a  mechanical  fiber  squeezing  device. 
Theoretical  studies  and  experimental  investi¬ 
gations  proved  only  two  linear  polarization 
retarders  being  at  e  to  regulate  any  state  of 
polarization  (SOB).  Accurate  timing  with 
averaging  periods  results  in  nearly  ccnplete 
elimination  of  polarization  fading.  Insertion 
loss  of  such  an  device  is  only  0.05  dB. 


without  averaging 
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Heterodyne  Signal  Processing 

Signal  processing  in  an  HOTDR  carprises  first 
and  second  detection  of  the  heterodyne  beat 
signal,  fast  averaging  and  data  preparation 
for  waveform  evaluation. 

First  detection,  that  means  beat  signal 
optical  to  electrical  conversion,  is  done  by 
a  PINFET  receiver  adapted  to  the  IF 
bandwidth.  After  fil*-'  ing,  the  IF  signal  is 
demodulated  at  o'  .  second  detector.  The 
squared  demodulator  output  is  processed  in 
conventional  manner. 

1t>  gain  full  advantage  from  heterodyne 
detection  it  is  necessary  to  fit  the  data 
processing  unit  to  the  ultra  long  range 
feasibilities.  Therefore  a  reaL-time  averager 
was  developed  capable  of  accumulating 
unlimited  numbers  of  backscatter  traces. 


Fig.  6.  HOTDR  signal  processing  unit 

In  fig.  6  the  system  configuration  is 
schematically  shewn.  Distance  ranges  up  to 
400  km  can  be  processed  in  40%  paralleL 
channels  with  cycles  up  to  some  MHz. 
Extension  of  optical  one-way  dynamic 
range  through  improvement  of  SNR  amounts  to 
2,5  log  <m)  dB  with  ms  Measurement  repetition 
number. 


With  an  MOTOR  measurement  range  can  be 
extented  further,  if  necessary,  through  ultra 
long  pulses.  Optical  gating  allows  optional 
puls  width,  limited  only  by  distance 
resolution  decrease. 


Fig.  7.  Typical  averaged  HOTDR  backscatter 
trace  measured  with  1  us  pulswidth 

In  fig.  7  a  preliminary  result  of  an  HOTDR 
measurement  is  demonstrated.  Though  pulse 
width  was  only  1  ps  corresponding  to  a 
distance  resolution  of  100  m,  more  than  30  km 
of  single-mode  fiber  could  be  analysed 

without  limiting  noise. 

Gain-Loss  Analysis 

The  principal  HOTDR  advantage  can  be 

calculated  from  the  heterodyne  receiver 

sensitivity  compared  to  direct  detecting 
receivers,  but  must  be  contrasted  against 
additional  losses  due  to  the  more  complicated 
optical  system. 

Conventional  detectors  sensitivity  at  long 

wavelengths  is  limited  by  shot  noise  owing 
to  photodiode  dark  current.  Therefore  the 
minimal  directly  .detectable  power 
is  given  by: 

i'_  .  t  >  2*  I .,  •  P  /  r 
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OTDR 


HOTDR 


With  e:  atonic  charge 

IDi  detector  dark  current  (1...10  nA) 
B:  receiver  bandwidth  (typ.  1  ►Kz) 

r:  detector  conversion  factor  (typ.  0.7 
A/W) 

pmin  theoretically  amounts  to  -71  . . .  -76 

dan,  depending  on  dark  current.  Best 
experimental  result  for  an  uncooled  receiver 
was  -73  dan  ^ . 

ftawever,  for  a  coherent  receiver  puiped  with 
sufficient  LO  power  all  internal  noise 
sources  are  insignificant.  This  leads  to  a 
performance  only  limited  by  the  signal  noise 
itself.  Thus  P^n  is  given  by  ^ : 

P..in  =  h*vB/n 

With  h:  Plancks  constant 
v:  optical  frequency 

quantum  efficiency  (typ.  0.7) 

For  1300  rtn  the  minimLtn  detectable  power  of 
heterodyne  signals  is  -97  dan,  leading  to  a 
gain  of  24  dB. 


:  launching  loss 
R  s  backscatt .  coeff. 
Cd  :  detection  loss 
pmin!  detection  limit 

L  :  one-way  range 


-  4  dB  -  9  dB 

-  55  dB  -  55  dB 

-  4  dB  -  7  dB 

-  73  dB  -  97  dB 

(P  +  10)  —  (P  +  26) 

2 


Table  Is  Comparison  of  conventional  and 
heterodyne  OTDR  one-way  dynamic 
ranges 


Nevertheless,  assuming  equal  laser  power, 
pulswidth  and  SNR  improvement,  the  heterodyne 
net  gain  for  our  system  leads  to  an  8  dB 
better  one-way  measurement  range. 

At  present  investigations  are  in  progress 
concerning  the  optical  system.  Vtien  using  the 
light  switch  as  a  four-fiber  coupler,  another 
2  or  3  dB  advantage  seems  to  be  within  reach. 


The  one-way  dynamic  range  L  of  an  OTDR  can  be 
estimated  by  sixrenation  of  all  limiting 
quantities,  resulting  in  SNR  =  1  or  0  dB  . 
These  are:  Laser  pcwer  P,  backseat  ter 
coefficient  R  receiver  sensitivity 
P^j,,  instrument  internal  attenuation  C  and 
SNR- improvement  by  averaging  SNRI: 

L  -  —  (P  +  C  +  R  -  Pm,  +  SNRI) 

2  min 

The  internal  losses  are  composed  of  launching 
losses  and  detection  losses  Cd.  Table 
1  shews  a  comparison  of  OTDR  and  HOTDR  one¬ 
way  ranges. 

The  HOTDR  suffers  frcm  extra  launching  losses 
due  to  the  light  switch.  As  a  detection  loss, 
a  mixing  penalty  of  3  dB  appears  due  to  the 
random  polarized  backscatter  signal. 


Conclusion 

Though  research  on  heterodyne  detection  in 
OTDR  started  as  early  as  1982,  fundamental 
problems  concerning  source  bandwidth,  system 
attenuation  and  backscatter  trace  smoothing 
remained  up  to  now. 

Our  solutiors  presented  in  this  paper  are 
completely  integratable  into  a  ruggedized 
and  field-portable  instrument.  The  net 
advantage  of  heterodyne  detection  amounts  to 
16  dB. 

The  better  HOTDR  dynamic  range  can  be  even 
more  increased  by  specially  adapted  real-time 
averaging.  Furthermore  pulswidth  is  princi¬ 
pally  unlimited.  Thus  measurement  ranges 
better  then  30  dB  are  possible. 
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OTDR  AUTOMATION  -  METHODOLOGY  AND  RESULTS 
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Abstract 

Computer  automation  of  an  Optical 
Time  Domain  Ref lectometer  (OTDR)  for  the 
detection  and  quantification  of  point 
defects  and  for  optical  length 
measurements  has  been  done  and  is  being 
used  in  a  fiber  manufacturing 
environment.  Experiments  were  done  to 
ensure  that  the  measurement  results  from 
the  computer  automated  methods  were  at 
least  comparable  to  those  using 
pre-existing  manual  methods. 

This  paper  details  the  results  and 
benefits  of  this  automation  and  the 
general  measurement  logic  and  algorithms 
that  were  used.  This  automation  was 
designed  to  meet  the  exact  needs  of  a 
fiber  manufacturing  facility  using 
specific  equipment,  but  similar  benefits 
could  be  realized  if  implemented  on 
different  equipment  and  for  cabling  or 
field  applications. 

Background 


For  an  accurate  and  precise 
measurement  of  point  defects,  the 
techniques  that  must  be  used  for 
standard  OTDR  measurements  require  that 
the  operator  do  many  specific  operations 
and  make  judgments.  These  include 
peaking  of  the  OTDR  fiber  trace, 
inspection  of  the  fiber  on  the 
appropriate  scale  and  placing  of 
cursors.  Additionally,  they  include 
pulse  width  selection,  end  cut 
preparation,  connecting  the  correct  end 
of  the  fiber  to  the  OTDR,  ensuring 
correct  end  reflection  height  and  so  on. 

Because  this  measurement  is 
critical  to  fiber  inspection,  it  was 
decided  to  computer  automate  this 
measurement  to  make  it  more 
user-friendly  with  operator  prompts  and 
self-checking  to  ensure  proper  OTDR 
setup.  The  automation  was  also  done  to 
remove  operator  judgment  and  simplify 
repetitive  operator  procedures  when 
using  an  OTDR. 


Stuart  Saikkonen 


Corning  Glass  Works 
Corning,  New  York 


Equipment 

The  automation  results  presented  in 
this  paper  were  from  an  OTDR  having  a 
pulse  width  of  2500  nanoseconds  (250 
meters),  an  approximate  data  spacing  of 
50  meters  and  a  recommended  minimum  end 
reflection  height  of  3  dB.  With  minor 
software  changes,  another  OTDR  was 
successfully  tested  that  had  a  pulse 
width  of  50  meters,  a  data  spacing  of 
12.5  meters  and  no  recommended  end 
reflection  height.  Both  OTDR's 
communicated  by  an  IEEE-488  interface 
bus  to  the  computer. 

Measurement  Methods 

The  following  measurement  methods 
were  used  in  this  experiment  to  quantify 
the  magnitude  of  point  defects: 


Delta  Method  (manual):  This  is  a 
manual  method  of  measuring  attenuation 
across  a  point  defect  and  requires  that 
an  operator  position  the  cursors  at  the 
two  "break"  points  (A  and  B  in  Figure  1) 
of  the  defect.  Because  the  OTDR  will 
show  a  point  defect  on  the  trace 
as  having  a  length  at  least  equal  to  the 
OTDR  pulse  width,  a  loss  measurement 
using  this  technique  will  include  the 
intrinsic  fiber  loss  between  the  two 
cursors.  This  will  exaggerate  the 
apparent  loss  measured  for  a  point 
defect.  For  example,  a  250  meter 
OTDR  pulse  width  would  add  0.1  dB  on  a 
0.4  dB/krr  fiber. 


FIGURE  I .  DELTA  METHOD 
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Auto-Splice  Method  ( manual ) :  This 

method  is  internal  to  the  specific  OTDR 
used.  The  operator  positions  the 

cursor  in  the  approximate  middle  of  the 
point  defect.  The  internal  OTDR  software 
then  determines  the  "break"  points  of 
the  defect  and  fits  straight  line 
segments  to  the  trace  segments  both 
before  and  after  the  point  defect.  The 
OTDR  uses  the  vertical  drop  between 
these  two  line  segments  to  determine 
point  defect  or  splice  loss.  This 
method  is  shown  in  Figure  2.  This 
method  does  not  include  the  fiber's 
intrinsic  loss,  and  is  a  more  accurate 
representation  of  the  loss  due  to  a 
point  defect  than  the  Delta  Method. 


FIGURE  2.  AUTO -SPLICE  METHOD 


Automated  Method:  This  method  is 
similar  to  tHe  Auto-Spl ice  Method 
except  that  the  point  defect  loss 
measurement  algorithm  is  stored  in  an 
external  computer  and  point  defects  are 
located  and  measured  automatically. 
This  computer  algorithm  will  be  detailed 
later. 

Experiment  Design  and  Results 

An  experiment  was  run  to  compare 
all  three  methods  of  point  defect  loss 
measurement.  Also,  length  measurements 
were  compared  between  operator  and 
computer  controlled  methods.  All  manual 
measurement  methods  were  performed  by 
one  technician  to  reduce  operator 
dependence  for  these  measurement 
techniques.  Fifty  fibers  were  selected 
so  that  all  possible  fiber  lengths  and 
point  defect  sizes  and  locations  were 
represented.  All  measurements  were  done 
bi-directionally.  Twenty  of  the  fibers 
were  measured  for  point  defects  an 
additional  two  times  to  determine 
measurement  repeatability. 

Fifty  fibers  were  used  to  compare 
measurement  methods  and  to  ensure  that 
the  Automated  Method  of  point  defect 
detection  and  quantification  was 
equivalent  or  better  than  the  manual 
measurement  methods.  In  all  cases,  the 


automated  algorithm  was  able  to  detect 
and  quantify  the  point  defects. 

All  three  point  defect  loss 
measurement  methods  are  capable  of 
reliably  discerning  large  point  defects 
(equal  to  or  greater  than  0.4  dB ) ; 
however,  the  detection  of  small  point 
defects  is  of  the  greatest  interest  to  a 
fiber  manufacturing  facility.  Because 
the  inclusion  of  the  large  defects  in 
the  analysis  tended  to  hide  meaningful 
results  as  applied  to  the  smaller  point 
defects,  the  following  comparison 
analysis  between  measurement  methods  was 
only  done  for  small  point  defects. 
(Small  point  defects  being  arbitrarily 
defined  as  less  than  0.4  dB.  )  Table  1 
details  the  results  of  this  comparison 
for  point  defects  of  less  than  0.4  dB. 

Table  1 


! N-2B I 


Method 

|  a  Loss  | 

(End-to-end)  1 dB ] 

a  Los 
t  Manual-Aut 

r-  — i 

oma  ted t  f  dB  j 

Average 

Sigma 

Average 

Sigma 

Delta 

0.037 

0.036 

0.007 

0.044 

Auto-Spl ice 

0.016 

0.015 

-0.014 

0.02  4 

|  Automated 

0.022 

0.018 

N  .  A . 

N  .  A . 

The  first  two  columns  of  Table  1 
represent  the  absolute  differences 
between  the  point  defect  loss  values  as 
measured  from  one,  then  the  opposite 
fiber  end.  There  was  no  significant 
statistical  difference  end-to-end 
between  the  Auto-Splice  and  Automated 
Method.  The  Delta  Method  of  measurement 
showed  the  greatest  end-to-end 
difference  and  sigma.  This  was 
attributed  to  operator  judgment  in  the 
positioning  of  the  two  cursors  as 
required  for  this  method. 

The  third  and  fourth  columns  in 
Table  1  show  the  differences  of  the 
point  defect  loss  values  between  the 
Delta  and  Auto-Splice  (manual)  Methods 
versus  the  Automated  Method.  The 
difference  between  the  Delta  Method  and 
the  Automated  Method  is  explained  by  the 
intrinsic  loss  of  the  fiber.  Most 
defects  appeared  to  be  about  250  meters 
long  because  of  the  OTDR  pulse  width, 
and  the  average  fiber  attenuation  was 
about  0.35  dB/km  giving  an  average 
calculated  intrinsic  loss  of  0.085  dB 
between  the  two  cursors  using  the  Delta 
Method.  Although  the  Automated  Method 
appears  to  measure  point  defects 
slightly  larger  than  the  Auto-Splice 
Method,  this  difference  was  not 
considered  statistically  significant. 
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The  measurement  repeatability  of 
measuring  point  defects  was  checked  by 
measuring  20  fibers  three  times  each. 
Each  individual  measurement  was  bi¬ 
directionally  averaged.  The  Delta 

Method  was  used  for  comparison  because 
it  was  considered  to  be  the  most 
operator  dependent  and  potentially  the 
least  repeatable.  Table  2  shows  that 
the  measurement  repeatability  of  the 
Automated  Method  is  almost  twice  as  good 
as  that  of  the  Delta  Method.  The  better 
measurement  repeatability  is  attributed 
to  the  automatic  checks  that  are  done 
for  each  fiber  setup  to  ensure  proper 
fiber  peaking  and  to  the  consistency  of 
cursor  placement  that  occurs  when  the 
point  defect  measurement  was  automated. 

Table  2 


^ - 

i  N-12  ) 

Method 

Sigma  [dBl 

Sigma  Mb! 

(All  fibers) 

i Fi bee  s  with  point 
defects  <-  .4  dB) 

Delta 

0.0S  2 

0.019 

Automated 

0.025 

0.011 

Both,  the  operator  controlled  and 
computer  controlled  method  of  optical 
length  measurement,  were  performed  using 
the  OTDR  manufacture's  recommendations 
for  cursor  placement  and  end  reflection 
height.  The  results  using  these  two 
methods  are  shown  in  Table  3. 


Table  3 


N-SO  I 


[  Method  j  | a  length  |  I « ) 

i End-to-end  » 

C  length  | m 1 
i OTDR -mechanical  1 

Average 

Sigma 

Average 

Sigma  | 

[  ' 

i  operator  1  2.76 

:  controlled  | 

3.33 

-2.50 

9.92 

J  Computer  j  0.93 
;  Controlled  [ 

1 .04 

2.45 

8.1’ 

The  first  two  columns  in  Table  3 
show  the  absolute  difference  in  meters 
(m)  of  fiber  length  as  measured  in  each 
direction.  This  shows  that  the 
repeatability  for  the  computer 
controlled  length  measurements  is  better 
than  for  operator  controlled  length 
measurements.  The  last  two  columns  show 
the  difference  in  length  measurement 
between  the  two  OTDR  measurement  methods 
and  a  mechanically  metered  length  as 
obtained  by  a  winding  machine.  As  the 
average  fiber  length  was  8  km  for  this 
experiment,  the  average  OTDR  versus 
mechanically  measured  length  difference 
represents  a  total  measurement  error, 
for  either  OTDR  method,  of  about  0.03 
percent.  Therefore,  there  were 


considered  to  be  no  practical 
differences  between  the  operator  and 
computer  controlled  methods  of  measuring 
fibers  for  optical  length. 


Automation 


General 


The  OTDR  was  made  user-friendly  by 
adding  operator  prompts,  automated  setup 
checks  and  defect  and  length 
determination  automatically  performed  by 
the  computer.  The  general  outline  of 
the  computer  and  operator  interface  is: 

I.  The  computer  prompts  for  operator 
inputs  of: 

A.  Identification  of  fiber. 

B.  Effective  Index  of  Refraction 

C.  Mechanically  metered  fiber 
length . 

D.  Type  of  Measurement  (Standard 
bi-directional  or  single-ended) 


II.  The  computer  prompts  the  operator 

to  load  the  proper  fiber  end  and  to 

power  peak  the  fiber  trace. 

III .  The  operator  : 

A.  Cuts  fiber  ends. 

B.  Connects  the  proper  fiber  end 
to  the  OTDR 

C.  Optimizes  the  fiber  connection 
for  the  highest  noise-free 
trace  on  the  OTDR  screen. 
(Defined  as  peaking  the  fiber). 

D.  Confirms  that  the  far  end 
reflection  is  greater  than  a 
minimum  value. 

E.  Lets  the  computer  know  when  the 
previous  four  steps  are 
completed . 


IV.  The  computer: 

A.  Automatically  measures  the 
fiber  for  length  and  point 
defect  sizes  and  locations. 
(This  will  be  detailed  later.) 

B.  Notifies  the  operator  on  the 
CRT  if  a  point  defect  is  found 
or  the  optically  measured 
length  does  not  agree  with  the 
mechanically  measured  length. 
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C.  Prompts  the  operator  to  request 
a  plot  if  a  point  defect  is 
found . 

D.  Prompts  for  measurement  of  the 
other  end  of  the  fiber  when 
requi red . 

The  following  details  the  steps 
that  the  computer  follows  in  making  a 
automated  check  of  a  fiber  for  length 
and  point  defects. 


I.  Premeasurement  check 

This  check  is  done  by  the  computer 
to  confirm  that  the  optical  connection 
is  sufficiently  optimized  by  checking 
that  the  fiber  trace  is  properly  power 
peaked.  The  power  trace  is  checked  at  a 
position  about  2000  meters  from  the 
measurement  end  of  the  fiber  to  see  that 
the  power  level  is  greater  than  a 
predetermined  minimum  value.  This 

distance  is  past  the  non-linear  region 
of  the  OTDR  trace  that  is  caused  by 
connector  reflection  and  detector 
saturation.  This  check  shows  that  the 
fiber  connection  to  the  OTDR  is 
correctly  optimized  and  the  fiber  end 
cut  is  good. 

II.  Data  Collection 

Because  all  calculations  for  length 
and  point  defects  are  done  external  to 
the  OTDR,  the  data  array  must  be 
transferred  to  the  computer.  This  array 
is  a  two  dimensional  (X,Y)  array 
describing  the  OTDR  trace.  The  X 

coordinate  contains  the  distance  along 
the  fiber  corrected  for  the  fiber's 
effective  index  of  refraction  and  the  Y 
coordinate  contains  the  OTDR  measured 
power  expressed  in  dB. 

III.  Location  of  the  fiber  end  and 

determination  of  optical  length 

The  fiber  is  checked  for  an  end 
reflection  by  testing  successive  250 
meter  sections  of  the  trace  from  right 
to  left,  starting  in  the  noise  floor  of 
the  OTDR  trace  beyond  the  fiber  end 
position.  This  is  shown  in  Figure  3. 
when  the  average  power  of  two  adjacent 
250  meter  sections  differs  by  more  than 
7  dB,  a  search  area  of  +/-  500  meters 
around  the  last  section  checked  is 
defined.  Each  individual  data  point  in 
this  search  interval  is  then  checked  and 
the  data  point  having  maximum  power  is 
chosen  to  be  the  local  maximum. 


LOCAL  MAXIUUU5 


FIGURE  3.  LOCATION  OF  FIBER  END 


An  OTDR  trace  can  have  a  "ghost" 
reflection  if  the  end  reflection  pulse 
is  echoed  from  the  measurement  end  of 
the  fiber.  This  "ghost"  reflection  is 
found  at  twice  the  fiber  length.  The 
local  maximum  is  checked  to  see  that  it 
is  not  a  "ghost"  end  reflection  by 
dividing  the  distance  to  the  local 
maximum  by  two  and  searching  for  another 
local  maximum  in  an  analogous  manner  to 
the  technique  stated  above. 

A  predetermined  position  on  the 
OTDR  trace,  relative  to  the  local 
maximum,  is  used  to  calculate  fiber 
length.  This  position  is  usually 

recommended  by  the  particular  OTDR 
manufacturer . 


IV.  Determination  of  the  fiber 

inspection  region  for  point  defects 

The  OTDR  trace  is  inspected  for 
point  defects  in  a  search  region  bounded 
by  a  search  start  and  a  search  end 
position  as  shown  in  Figure  4.  This 
search  region  excludes  the  end 
reflection  and  the  beginning  non-linear 
region  of  the  trace.  The  beginning 
non-linear  region  of  the  OTDR  trace  is 
excluded  from  the  search  region  because 
the  detector  saturation  obscures  point 
defects  in  this  section  of  the  trace. 
Even  if  a  point  defect  can  be  seen  in 
this  region,  the  detector  saturation 
precludes  accurate  measurement  of  that 
defect.  It  is  for  this  reason  that 
fibers  are  normally  measured  for  point 
defects  in  both  directions  in  a  fiber 
manufacturing  environment. 
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FIGURE  4. 


DETERMINATION  of  fiber 
INSPECTION  REGION 


The  trace  search  end  position  is 
determined  by  searching  a  500  meter 
section  to  the  left  of  the  local  maximum 
for  the  minimum  power  point.  At  this 
time  the  computer  checks  for  a  proper 
fiber  endcut.  The  difference  between 
the  power  at  the  local  maximum  and  the 
power  at  the  trace  search  end  position 
must  be  a  specified  minimum  value.  If 
it  is  less  than  that  required  value,  the 
operator  is  prompted  to  re-cut  the  fiber 
far  end  and  restart  the  fiber 
measurement . 


The  trace  search  start  position  for 
point  defect  detection  is  chosen  by 
comparison  of  the  slopes  of  five 
consecutive  trace  segments,  as  shown  in 
Figure  5.  The  initial  starting  point  to 
test  for  linearity  is  chosen  at  1200 
meters.  Each  trace  segment  is  250 
meters  long  and  is  separated  by  50 
meters.  Comparing  the  slope  of  the 
first  line  segment  to  the  other  four 
slopes  and  stepwise  testing  either 
backwards  or  forward  in  50  meter 
increments,  the  first  linear  starting 
point  is  determined  that  ensures  the 
maximum  amount  of  fiber  is  inspected  for 
each  measurement. 


v.  Calculation  of  the  ecror  array  and 
location  of  point  defects 

A  normalized  error  is  defined  as: 

E( I >-Y( I )-YN( I ) 

Where  Y(I)  is  the  measured  power  and 
YN(I)  is  the  normalized  power  along  the 
OTDR  trace  at  the  I  ’  th  data  point.  in 
addition,  a  three-point  smoothing  is 
done  on  the  error  array  before  defect 
location,  to  reduce  the  OTDR  trace 
noise . 


The  filtered  error  array  is  then 
used  to  calculate  slopes  along  a  250 
meter  line  segment,  each  segment 
separated  by  50  meters.  Consecutive 
slopes  are  compared  and  when  three 
consecutive  slopes  are  found  that  met  a 
minimum  criteria,  the  location  is  then 
checked  for  inflection  points.  if 
starting  and  ending  inflection  points 
are  found,  then  that  location  is  marked 
as  having  a  point  defect  and  the  defect 
start  and  end  positions  are  defined. 


ISI  -  SI  11=2.  5)1  £  K  IMPLIES 
A  VALID  SEARCH  START  POSITION 


FIGURE  5.  SEARCH  START  POSITION 
DETERMINATION 


VI.  Quantification  of  point  defects 


Each 
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dete 

cted 

has  a  start 

of  defect  and 

end 

of 

def  ec 

:t  location 

defined . 

This 

info 

rmati 

on  plus  the 

trace  search  s 

tart 

and 

end 

locations  is 

used  to  deter 

mine 

the 

point 

defect  size 

as  shown  in  Fi 

gure 

6  . 

Between  the  sea 

rch  start  or 

the 

prev 

ious 

defect  end 

and  the  de 

feet 

star 

t ,  a 

least  squa 

res  fit  line 

i  s 

calc 

ula  te 

d.  A  similar 

least  squares 

fit 

line 

i  s 

calculated  between  the  de 

feet 

end 

and 

the  next  defect  start  or 

the 

sear 

ch  end  position. 

The  point  de 

feet 

size 

i  s 

determined 

by  the  vert 

i  cal 

d i stance 

as  measured 

between  these 

two 

extended 

lines.  All 

calculations 

are 

done 

on 

the  ( X , Y )  data  array  wit 

hout 

data 

smoo 

thing . 

International  Wire  &  Cable  Symposium  Proceedings  1987  89 


FIGURE  6.  AUTOMATED  METHOD 


Summary 

The  user-friendly  OTDR  automation 
has  proven  itself  in  a  fiber 
manufacturing  environment  with  nine 
months  of  operation.  Because  each 
measurement  is  computer  prompted  and 
checked  for  proper  fiber  setup,  the  OTDR 
is  a  more  controlled  measurement 
station.  Measurement  repeatability  is 
a  factor  of  two  better  with  OTDR 
automation.  Measurement  accuracy  and 
precision  is  no  longer  operator 
dependent  for  scaling,  cursor 
positioning  and  fiber  setup. 
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INTERFEROMETRIC  MEASUREMENT  OF  CABLE 
THERMAL  EXPANSION 
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ABSTRACT  EXPERIMENTAL  APPARATUS 


In  order  to  optimize  the  design  of  a  fiber 
optic  cable,  knowledge  of  its  thermal  expansion 
characteristics  is  essential.  In  the  past, 
these  were  predicted  from  the  thermal  expansion 
of  Che  individual  cable  components,  rather 
than  the  finished  product,  either  at  room 
temperature  or  over  n  wide  temperature  range. 
Since  the  thermal  characteristic  of  these 
components  can  be  affected  by  processing,  such 
a  prediction  is  prone  to  error.  In  this  paper, 
we  present  a  direct  measurement  of  the  thermal 
expansion  characteristics  of  composite  optical 
cable  bv  using  a  Fabrv-Perot  interferometer. 
With  this  technique,  the  cable  elongation  can 
be  measured  to  within  +  0.0057  for  a  30  cm  long 
cable  sample.  Results  will  be  presented  which 
show  that  the  thermal  expansion  coefficient  can 
be  as  much  as  2.5  times  larger  at  low 
temperature  than  at  room  temperature. 


INTRODUCTION 

The  attenuation  characteristics  of  optical 
fibers  can  be  strongly  influenced  by  the 
contraction  or  expansion  of  the  fiber  optic- 
cable  materials  that  surround  them.  These 
effects  can  degrade  the  optical  characteristics 
of  the  fibers,  if  the  length  change  of  the  cable 
due  to  temperature  variations  is  larger  than  the 
allowable  strain  window.  To  a  certain  extent, 
consideration  of  these  thermal  expansion  effects 
can  be  incorporated  during  the  design  stage,  both 
through  appropriate  material  selection  and  by 
choosing  a  cable  structure  with  geometrical 
characteristics  that  permit  the  fiber  to  remain 
relatively  unaffected  by  either  expansion  or 
contraction  of  the  cable.  However,  to  fully 
characterize  the  completed  product,  it  is 
important  to  develop  an  accurate  and  simple 
technique  to  measure  the  thermal  expansion 
characteristics  of  the  optical  cable  itself  that 
does  not  rely  on  indirect  measurements  of  the 
individual  components  whose  temperature 
performance  may  be  quite  sensitive  to  the 
conditions  under  which  the  cable  was 
manufactured . 


Elongation  measurements  on  short  cable 
lengths  can  be  determined  accurately  with  the  use 
of  interferometric  metrology.  The  cable 
elongation  as  a  function  of  temperature  is 
measured  using  a  Fabrv-Perot  interferometer,  and 
from  it  its  thermal  expansion  coefficient  is 
determined.  The  experimental  apparatus  is  shown 
in  Fig.  1  and  consists  of  a  casing  with  an  access 
window  and  a  translation  stage  on  its  one  end. 

A  30  cm  long  cable  sample  is  mounted  to  the  casing 
on  one  end  and  to  the  translation  stage  on  the 
other.  The  translation  stage  allows  freedom  «>t 
motion  along  the  cable  axis.  A  corner  cube,  also 
fixed  to  the  translation  stage,  can  he  illuminated 
through  the  access  window  and  serves  as  part  of 
the  Fabrv-Perot  interferometer.  Thermocoup  1 es 
are  placed  inside  and  outside  the  cable  sample  to 
monitor  its  temperature.  A  30-7  reflecting  mirror, 
fixed  to  the  bench  just  outside  the  access  window, 
completes  the  interferometer.  Hence  laser  light, 
directed  through  the  mirror  and  normal  to  its 
plane,  is  retroref lected  by  the  corner  cube  and 
returns  to  a  silicon  photodetector  after 
reflecting  from  the  mirror.  Thus,  the  mirror 
serves  as  both  an  entrance  and  exit  port  to  the 
interferometer  whose  length  varies  with  changes 
in  the  corner  cube  position. 

In  order  to  determine  the  thermal  expansion 
properties  of  the  cable,  the  sample  and  its 
casing  are  placed  in  an  environmental  chamber  and 
taken  to  a  low  or  high  temperature  (either  ~b() 
degrees  Celsius  or  +70  degrees  Celsius).  The  unit 
is  then  removed  from  the  chamber  and  fixed  to  an 
optical  bench  at  the  location  of  the  cable’s  fixed 
end.  The  output  of  the  photodiode  and  the 
thermocouple  are  monitored  by  a  computer.  For  a 
given  temperature  variation,  changes  in  the  cable 
length  alter  the  Fabrv-Perot  length  and  hence, 
the  condition  of  interference  sensed  by  the 
photodiode.  Since  each  fringe  corresponds  to  a 
variation  of  0.14  or  0.15  urn  in  cable  length* 
elongations  as  small  as  0.000057  can  he  measured 
for  30  cm  cable  sample. 
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MATHEMATICALLY  MODELLED  FULLY  FILLED  STRANDLESS  OPTICAL  CABLE  DESIGNS 


S.T.  SPEDDING  *  J.E.  TAYLOR  ** 


*  BICC  OPTICAL  CABLES,  WHISTON  MERSEYSIDE,  ENGLAND 
**  BICC  RESEARCH  AND  ENGINEERING,  LONDON,  ENGLAND 


SUMMARY 


Ar.  all  linear  manufaetur ii.q  process  was  devised 
to  produce  a  novel  cable  design  based  -.n  ribbon. 
Sreod  limitations  associated  with  heavy 
rotating  plant  are  thus  avoided.  Long  length 
manufacture  and  tandem  running  become  possible. 
The  novel  cable  structure  requires  special 
rilling  techniques,  and  was  subject  to 
mathematical  modelling  at  the  design  stage 
to  predict  its  perf.rnar.ee  under  real,  as 
oprosc-d  to  ideal  conditions. 


BACKGROUND 

Used  i r.  ;  on ;  unc t  ic r.  w  i  th  nu  1 1  i- f  ib r  e  sp  1  ice r  s , 
ribbor.  cables  offer  user  advantages  in  economy 
cf  jcintm.i.  The  enable  maker  can  also  realize 
udv.n.t  ines  m  production  speed  by  questioning 
the  traditional  approaches  to  cable  design. 
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BASIC  DESIGN  PRINCIPLES 

Eight  optical  fibres,  each  colour  coded  on  line, 
are  encapsulated  into  a  ribbon  element  with 
acrylate  resin.  In  the  second  operation,  one 
or  more  of  these  ribbons  is  incorporated  into 
a  cavity  within  an  essentially  rectangular 
extrusion.  Two  copper  wires  are  bonded  within 
the  walls  of  the  section.  The  free  space  within 
the  cavity  is  filled  with  a  tube  filling  compound. 
In  the  final  operation,  a  strong,  high  modulus 
sheath  is  formed  by  embedding  bundles  of  glass 
yarn  into  the  wall  of  a  polyethylene  tube.  The 
sheath  is  heat  bonded  to  precoated  aluminium 
tape  formed  and  sealed  into  a  tube.  A  hollow, 
moisture  barrier  sheath  with  integral  longitudinal 
strength,  results.  One  or  more  ruggedised  ribbon 
units  is  fed  into  the  bore  of  the  sheath,  after 
being  formed  into  a  semi  circular  wave.  Arrange¬ 
ments  are  made  t_  fill  all  free  space  with  a 
low  density  water  blocking  filling  ccmpound. 

A  cross  sectional  drawing  of  a  16  fibre  version 
of  the  design  is  shown  m  figure  1. 

The  extension  of  the  7] ass  yarn  reinforced  sheath 
under  load  is  greater  than  weald  be  expected 
m  designs  with  a  central  strength  member.  This 
arises  from  a  low  modulus  "pro  extension"  region 
before  all  yarns  in  the  sheath  wall  take  load. 
Working  to  the  boundary  condition  that  fibres 
shall  not  strain  (other  than  bending  strain )  under 
a 1 :  conditions,  necessitates  the  incorporation 
of  significant  excess  fibre  length,  by  means 
of  the  corrugation  of  the  ruggedised  ribbon  units. 
However,  too  much  excess  lenoth  within  a  certain 
bore  size  will  no ad  too  small  a  radius  _f 
curvature.  Decisions  have  t  ■  be  made  as  t.  the 
required  bore,  radius  of  curvature  and  strain 
margin.  Once  this  is  done,  forming  tech.m  jues 
have  to  bo  devised  to  achieve  uho  calculated 
parameters.  Finally,  allowances  must  be  made 
t* .  accommodate  the  full  spectrum  fibre  bend 
sens it ivit res. 
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sir; 


1 


THEORY 

Bending  Radii 

Existing  bending  loss  theory  was  modified  to  take 
into  account  the  skewing  effect  on  refractive 
index  pro.'ile  under  bending  conditions.  The 
predicted  losses  under  different  bending  radii 
are  shown  in  figure  2,  for  a  fibre  with  a  cut 
off  wavelength  of  1130  nm.  Although  much  of 
the  theory  had  previously  been  developed,  it 
was  expressed  in  terms  of  the  variables  which 
were  of  least  usefulness  to  us,  such  as  delta. 

We  recast  them  in  terms  of  cut  oft  wavelenqth 
and  mode  field  radius.  We  corrugated  rugqedisod 
ribbon  units  and  proved  our  theory  to  our 
sat isf act  ion . 

Representing  the  same  equations  at  a  fixed  bending 
radius  of  50  mm,  for  different  cut  off  wavelengths, 
results  in  figure  3.  We  kept  m  mind  all  through 
the  subsequent  mathematical  modelling  phase  that 
it  would  be  necessary  to  find  the  window  of 
acceptance  for  the  most  b*»nd  sensitive  fibre, 
and  under  the  least  advantageous  combination 
of  :  rocess  variations. 


We  chose  an  attenuation  increase  f  0.3?  JR  Km 
above  intrinsic  fibre  l.-ss,  .it  I  5i>C  nm  as  the 
maximum  acceptable  under  worst  case  conditions. 
Assuming  a  doublin.;  -  f  bending  lass  f .  r  each 
25  nm,  this  would  result  m  'J.5  JB/Kn  increase 
at  lu 50  nm.  Figure  ?.  shows  that  f r  a  bending 
radius  'f  50  mm,  all  u. -spec  i  f:  cat  i<  •?,  fibres 
will  suffer  less  than  0 .  -  .•  dB  Km  additional  1 
due  t:  macrobending  at  1550  nm.  We  chose  55mm 
as  the  Jesijn  minimum  radius  ■  f  curvature. 

Corrugation 


Figures  5  and  o  represent  the  semi -•  •  i rcular 1 y 
corrugated  rugged ised  ribbon  element  as  it  would 
appear  within  the  confines  of  the  sheath. 

Figure  5  is  a  side  view  and  figure  (  is  ir.  “end 
on"  cross  section.  P  is  the  pitch  length  and 
Q  if>  the  path  length  fcr  one  wavelength  .  f  the 
element.  Then: 


Q.  P 


■}Rjl  -  (!  -  A/'-’RO . 

4r  sin  |  I  -  (1  -  A/2R)' 
sin~ 1  Jl  -  il  -  A/:r)jI 
^1  -  (1  -  A/2R)"'"1 


11  ) 


and  Q/P  ~  1  +  e  where  e  -  excess  fibre  length 
(strain  margin) 


So 

1  +  e 


sin-1  1  1  -  (1  -  A/2r)iL 

J  1  -  (1  -  A/2fT^ 


(2) 


By  using  an  expansion  for 
iraate  formula  results: 


x 


approx - 


e  -  A/6R 


This  approximation  is  useful  in  providing  a 
simple  insight  into  the  interplay  of  radius 
of  curvature  and  strain  margin.  It  shows  with 
devastating  simplicity  the  inescapable 
conclusion  that  for  a  given  bore*  size,  strain 
margin  will  be  increased  at  the  expense  >> f 
bending  radius  and  vice  versa. 

From  figure  C, 

Db  =  /(A  +  lii-DT)1  ♦  (W  -  T)'’  *  T  . l  j  i 

(n  -  number  of  stacked  flat  ui.it s; 

Considering  the  same  flat  element  at  the  actual 
point  of  corrugation,  see  figure  7,  where  it 
is  apparent  that  the  path  length  per  wavelength 
is  laid  down.  This  is  Q  and  unlike  P,  it  remain* 
constant  during  the  subsequent  relaxation  and 
sizing  operation  and  on  uv.-orp  >r  at  ion  lr.t . 
the  sheath  bore. 

tf  *  T; 


Whet;  inserted  mt.  a  „»bio, 

I1  .1  •  If  ;dc  »  T  :  ♦  cj 

t  he  full  ,-Wi  n  I 


♦  e . ;•(  i 

Values  f  !  A.  R 
for  e-'ich  set  of  Value.-' 


PRACTICE 

The  above  theory  supposes  that  an  infinitely 
variable  selection  exists  fcr  con  ugat  l.ai  radii 
-i  curvature  arid  f.«t  glass  yarn  rem:  reed 
sheath  bore  sizes.  In  reality#  our  corrugatm: 
machine  is  simply  a  number  .  f  rrund  former  ** 
carried  or.  a  pair  .  f  drive  chains.  These  luiins 
have  only  tw.  >  pitch  possibilities  of  5  mm 
and  1 J .  7  mm,  and  formers  can  be  fastened  .only 
an  integral  number  of  links  apart.  Also,  we 
had  available  to  us  a  number  of  tooling  sets 
for  the  glass  yarn  reinforced  sheath,  and  other 
sets  are  costly. 

We  had  chosen  55ram  as  our  minimum  bendinq  radius 
in  finished  cable,  and  we  had  chosen  uur  outside 
dimensions  for  the  ruqgedised  ribbon  units, as 
5.5  mm  by  2.fc  ram.  Figure  A  shows  the  strain 
margins  theoretically  achieved  with  these 
dimensions,  for  three  different  radii  of 
curvature.  Plotted  on  the  same  graph,  the 
lines  A  through  D  represent  possible 


formula  results; 


From  equations  .  ,  ar.d 
arid  e  ;  ar.  be  worked  out 
for  W,  T,  Db  and  Do. 


International  Wire  &  Cable  Symposium  Proceedings  1987  95 


>.  ’.  at  i.  ns  :'.r  .iesims.  Intfi  r.b 

bi'twtvri  lines  a  through  P  with  the  curves  jiu* 
i  ....  .I  I  sheath  in-res  and  strain  nui;j;n.s. 

:i;.n  .  ■  1 1  • . » i  l  y  dem> -nst  i  uU  s  the  interplay 

;  !  .uir.j.n  ;  ur vat  are  .«:»J  .•*.  tram  mi  u:.. 


Kx:  vi  iei.se  tiiJ  practical  verification  taught 
a:;  t:.jt  we  needed  r«_.  jesj  m  f or  a  strain  margin 
c  f  1 . :  •  wi.on  using  glass  yarn  reinforced  sheath 
r  r  dust  installation.  This  will  allow  for 
i  jail  of  <W ,  where  W  is  the  able  weight  per 
kilometre.  This  would  seem  to  permit  the  choice 
,  f  .  .  i  ru  later  do si an  A  t  B  and  would  pemt 
a  sheath  boro  of  ir_  nn  J  Ill  mm.  It  was  now 
i.>  •  scary  tc  t  ak*  into  loo.v.u.t  the  variations 


H'.'BU^TNKih'  oi- 


W-  next  set 
•  vi  t  tL  le  ;  i 
ir.d  r  i  1 1  u •’ 


juar.t 
var  l  it  l 
vu*  are . 


lfy  the  effect  of  in- 


n.ar  gm , 


s.  .it  vi  se  ,i  Jo  si  7n 
.  •  •  •  was  !■;._•!  * •  x •  s 
e:..-.;r-  i  s  lie  il  l e  j 


hut  the  nur.uf  act  ur 
Vely  critical,  ar.J 
.  Juot  with  at  s.st 


Run. No.  W  T  DL  Dc  e  ft 
-level  n umber - 


1 


1 


3 

3 


1  2.01  07.  > 

2  1.63  s  i.  J 

3  1.19  77. b 

3  1.7*1  03.4 

1  1  .  71  01.7 

1  .  b  5  o  1  .  b 

1.23  74.4 

3  1  .  J  J  SB. 3 

1  1.3b  70.7 


Average 

Standard  Deviation 
3  ^i.jn.u  point 


1.00  OS. 1 
U.jU  6. J 
ij.~h  44.4 


F.  r  a  normal  distribution.,  mere  than  jj i  ->f 
Jesuits  will  I  a  *  •  withiii  three  standard 
deviations  o!  the  average,  s.  f_r  a  near  /ere 
rejection  rite,  it  i:.  necessary  to  cater  for 
the  extreme  c  ise  ..  f  three  standard  deviations 
from  the  mean.  F. r  corrugatoi  design  A,  note 
the  "3  sigma  j.  m?  s  " .  if  ir.ee  these  are  _  ut  side 
t  he  permitted  v  i .  u-  .  t  -  r  jjoth  o  and  K  , 

Vv.iiugul  :  Ji  -  l  rr.  A  w:'.  1  not  .  nsuru  ade juat- 
insensitivity  t  .  dimension. k  variations. 


Design  a  -  Mat  hemat  lc a  1  M  de  1  1  mg  An  t  ly s ij> 

Similarly,  w-.-  i  .m  th.o  ur.laysis  on  corruu.it ..  r 
design  B.  The  results  emerging  were: 


Average 

St.u.dai  J  Deviate  -n 
3  ;>  i  imu  point 


ft 

ou .  :> 


! «  :*  rr:.  *•  t  t:  nit-  1  you  it.  .a  «•  that  l* 

:•  ■  x:  «  *  •  i  •  »»  .  r  t  a  :  »t  r  .1*  i  in  A, 

it;,  t  i-  :  *.  .  mm,  r  .  ttjj.it  i 

:•  .  ;n  ft,  w.*:.  i  :  »  i?  h  kn  of  .’.4  mm  w  uhi 
:•  »  i.  :..  !*•  r.  :  t  ,  .jr.t „ !  train  mar;;:, 
m  :  :  iii  ;s  •  *.  ;i  v  i'  ii-  .  Accordingly  we  .a  t 
'  :.!♦■- 1  !•  ’/<•!  which  We  Je:;irr;at»  J  2,  and 
■  r  ,t  *  ur  parameter:  ir.d  used  i  nuu 

n;  .j*  -  -r  *  »r.  ily>-  nirs*-  ombiiMt  lcr.s  lr.  t  he 

*}  rth  j-  r.  t :  irr.iy.  The  levels  1,2  and  ! 
h  sen  •  r  the  :  ar  viriaLles  represent  target 
.  i  .  .i  .  ,  maxima  ir.d  minima  envisaged  f  jr  eacl. 

*  m»  i  n.  unt  the  known  ■  !  <  xpe^ted 

utri  •  4 1 1  y  *  I  Jin  i  ch.v;.e  tolerance  that 


.  .jr.  A  -  Mat  : ieir.  it  u  il  Ml 'de_i  j_in  )__A£Kily:; 

.»•  Ftr  tin  margin  ^  :  ft  Hadiur-  of  curvature 
mm  ) . 


There:,  re  w  a  rug  .it  r  design  B  a  1 :  fai  '.  s 

both  i  adius  .f  curvature  md  strain  miijm. 

D<  sigr.  C  -  Mathematical  Model  1  m:  Ana  ly  s  l 

e  ft 

A vera  re 

i>'f.  iridard  Deviat  ion  o.  30  4.  -0 

s  lgjT.a  jv-int  1  .  • 

F;ven  Lorru  jjtar  Jeeign  C  ca:  n.  t  guai  antei  thi 
le-guired  strain  margi:.,  .lith  jut.  it  w.  \,1  1  n  iv 
been  acceptably  close  to  be  admit  It  ,i  .  t 
i  sigma  joint  for  R. 

Design  D  -  Mathematic.il  Modelling  Analyi  ;  :■ 

e  ft 

Aver -ige  ^.UO  " 

Standard  Deviation  0 . 1  L>  :  .  10 

3  sigma  point  1.30  ei.J) 

We  conclude  that  corrucj.it ur  design  D  is  the 
first  solution  capable  of  meeting  the  twin 
requirements  of  strain  margin  and  radius  f 
curvature.  The  solution  dictates  the  Uac  g' 
the  glass  yarn  reinforced  sheath  as  i I . 0  mm 
and  the  amplitude  of  corrugation  is  e.  •  ruin. 
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The  choice  of  polymer  from  which  to  form 
the  ruggedised  ribbon  units  had  to  be  based 
on  all  the  usual  criteria,  plus  one  more; 
corrugation  behaviour .The  flat  ruggedised  ribbon 
units  contain  two  copper  wires,  whose  sole 
purpose  is  to  retain  the  corrugation  form 
against  the  tendency  of  the  polymer  to  relax. 

A  thermoplastic  elastomer  based  on  an  SEBS  block 
copolymer  was  chosen  after  rigorous  testing. 

The  internal  filling  compound  is  a  hot  melt 
devised  by  ourselves  for  our  loose  tube  work. 


At  the  sheathing  stage,  two  versions  of  this 
cable  type  are  offered.  One  is  left  dry,  and 
one  is  fully  filled.  The  cavity  is  large,  and 
sc  precautions  have  tc  be  taken  to  reduce  weight 
penalties  for  fully  filled  cables.  For  this 
reason,  a  microsphere  loaded  filling  compound 
was  chosen.  This  has  a  thixotropic  base,  with 
the  addition  of  PVDC  microspheres  tc  reduce 
density  to  loss  than  0.5  g/cc.  There  was  a  need 
to  work  very  closely  with  filling  compound 
manufacturers  to  make  successive  alterations 
to  the  compound  formulation  until  the  correct 
pumping  and  water  blocking  properties  were  found. 

Since  tlit*  cable  has  no  stranded  core  over 
which  to  apply  the  filling  compound,  an  alternative 
approach  is  needed.  It  is  necessary  to  •  •nsure 
that  : 

-  Filling  compound  delivery  rate  is  mot.cred 
to  match  line  speed, 

-  Fill  in;  compound  is  formed  int...  a  circular 
cross  section  of  the  same  diameter  as  t h« 
internal  diameter  as  the  :1  iss  yarn  re  it. far  t  .1 
sheath . 

-  Because  of  the  iluainiUK  f-ll  water  b.irri*r, 
filling  must  take  place  before  the  r  .rmut*  r. 

... f  the  f-il  int  .■  t  tube. 

Wt-  Jt:f>i:ne.J  a  filling  compound  apj  i  icat  -r  whi.h 
is  fed  by  a  meter  mu  rump,  run  at  x  speed 
fr  g.  rti  nal  t.  line  speed.  The  applicator  ha. 

:  double  willed  tube,  the  ir.net  most  tube  h  ivir.  i 

a  spiral  cut  m  its  will.  The  undul.it  m?  ribr-a. 

unit  passes  through  the  innermost,  t  ube  »nd  t  he 
filling  conp’und  : s  metered  into  the  outer  t  ub«  • 
and  flows  thr.u.rb  the  spiral  *  fill  the  s:  ictv, 
ibi  svf  ir.d  be 1  .  w  ♦  he  w.iv  t  ,rm.  A  be  »J  -I  filling 

mp  ur.d  emit  je  fr  m  the  ij  s  i  ..  it  r  ,  with  * 

flat  -jr,  it  embedded  wit. hi:.. 

The  ipjlic.it  >i  is  fixed  it  th*  ■  toil  f  .mill.  : 
st  »t  i  n ,  *us?  ;  nor  t.  the  c!  f  the  til 

mt  j  tub.*-.  Thus  the  foil  effect  ively  w*  »;  .. 
ar  our.vJ  the  .  amp-c  urid  bead  and  the  . verlap  is  f  her, 
glued. 

CABLE  PERFORMANCE 


To  probe  the  width  of  the  third  window,  we  have 
looked  at  spectral  analyses  of  the  cables  and 
found  a  wide  operating  region,  which  remains 
open  even  at  high  and  low  operating  temperatures 
We  submitted  the  measured  attenuation  values 
at  1650  nm  in  addition  to  those  at  1300  amd 
1550  nm  as  indication  of  the  width  of  the  third 
window.  The  performance  of  the  cable  at  -40'*’ 
Celsius  was  especially  encouraging,  as  the  tube 
filling  compound  is  not  intended  for  use  at  this 
level.  We  believe  that  the  facts  are  explained 
by  the  resistance  of  the  ribbon  to  buckling  is 
compared  to  individual  fibres. 


Typical  Attenuation  Measurements  -  Ambient 
Temperature . 


Attenuation  at  (nm)- 
Fibre  Number 


(nm) - 

1  300 

1550 

1 

.  36 

.  1  f 

2 

.  34 

.01 

3 

.  37 

20 

; 

.  35 

.  21 

5 

.  35 

.  20 

6 

.  34 

.  20 

7 

.  37 

.  21 

o 

.  34 

.  1  d 

) 

.  35 

.  20 

i  j 

.  35 

.  1  f 

1  ‘ 

.  35 

.  1  5 

1  2 

.  36 

.  2  2 

1 

.  35 

.  CC 

.  34 

.  1  > 

i  _• 

!  L 

.  3  3 

! :  * 

iNUFACTUR  INC  EXl'K 

R I ENCK2 

■i  in  '•  i;  a  1  ly 

•he  dr 

y  ve  i  .■  i  - 

.  bet*::  r»ubs 

r  ir.t  l  1 1 

-Vel  th 

ir.d  we  h.i'.V 

net  Se 

tr.  f  ui1., 

hi  Th  IT  te 

nuut  i  t, 

.  •  .'f  th- 

.  :^t  ly  cc 

•Tin  i : ». ■ 

«.!  b1  ■ : »  1 1 : 

» !  trite  iu  k’ir.i. 


w.  .-1  immuV-J  *:iv  -It  mJi:.  :  :  ♦  ,  ly 

i!id  have  :  ’.  I.  *  i  it  with  is*  •  ili-  idy 
t  u:.:. i j  it  1  e  ic  .  thjvr  t  im«  .  i.  :  et  .  1  •„?  ■ 

:  1  it..-.  it;.  !•:!»•  the  j  *  u n. i  it  i  •:  r  h*  c  *  i 
f  t  I*  ■  i  i:.,  wild,  will  i!..  1  ud*.  i f  i  :  it 
!  t  /  id*  !  f  in -t  w«  «  !  ;  j'i . *  •  :  v*  i 

!  t j  r  •  .  g  i  ib  :•  »::d  t  di  i:>  '  ■  :  • 

whi  it<  •  «  r . *  i  illy  i  v«  j  i  *  r 

1* •  v i  If  :  \  r  ‘  I-.J  A  «-  -i>  ‘J  *  f  .Til:. i  i  ,r 

m  e  i  i  m-  del  .  mg  > : .  »  m. 


Examj  ’»»  s  ^  f  fully  filled  and  dry  -  aid  *  f  th 
t  -it  mat  have  b***n  fully  Th«r»  m,  i  - 

predi  •. r  e*l ,  no  f  ibr**  s*  r  tir.  c  f  ii*-  maximum  n1 
t*‘:.sior;  f  3W.  Ar  t  err.  if  i- >n  lev*  Is  t*  !  V  ,e  ni 
ire  well  within  f  ho  intrinsic  i  «•*/**’  {  1  us  t  1 1* 
i ;  1  warr  e  ,f  1H  Kjt.  wb;  h  w«  :■>*»♦  ■•ur  vi 
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MACROBENDING  LOSS:  RADIUS  OF  CURVATURE  dependence 


FIGURE  2 


MACROBENDING  LOSS:  CUT-OFF  WAVELENGTH  dependence 


Wavelength  (nm) 


FIGURE  3 
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ABC  0 


Cable  Bore  (mm) 

FIGURE  4 


FIGURES  5  AND  6  :  CORRUGATED  UNIT  WITHIN  SHEATH  BORE 


FIGURE  5  SIDE  ASPECT 


FIGURE  6:  'END-ON*  ASPFrj 
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A  NEW  CONCEPT  FOR  FIBER  OPTIC  LAN  CABLES 


P.  Rohner  and  G.  Ziemek 


Kabelmetal  Electro  GmbH,  3000  Hannover,  West  Germany 


Summa ry . 

A  new  concept  for  fiber  optic  LAN  cables 
which  shows  promising  results  in 
manufacture  as  well  as  in  on-site  splicing 
has  been  developed.  The  basic  building 
block  of  this  new  cable  consists  of  a 
ribbon-type  sub-unit  which  contains  ten 
optical  fibers  sandwiched  between  two 
fiberglass-reinforced  tapes.  These  tapes 
are  bonded  to  each  other  and  to  the 
fibers,  thus  providing  perfect  fiber 
alignment  .  A  stack  of  ten  ribbons  is  fed 
into  a  metallic  corrugated  tube  fabricated 
on  a  L'NIKEMA®  machine.  The  UNIKEMA®  is 
designed  to  process  a  metallic  strip  into 
a  longitudinally  welded  and  corrugated 
tube.  The  stack  of  ten  sub-units  is 
twisted  with  a  reverse  lay  (lay  length: 
500  mm)  prior  to  being  fed  into  the  metal 
sheath.  The  tube  can  be  made  watertight  by 
filling  jelly  in  the  space  between  the 
core  and  the  sheath  or  by  introducing  a 
hygroscopic  powder.  The  corrugated  tube  is 
covered  with  a  corrosion  protection  and  a 
polyethylene  jacket. 


General  Considerations. 

Optical  fibers  for  long  distance  signal 
transmission  are  known  to  be  sensitive  to 
increases  in  attenuation  resulting  from 
mechanical  stresses  in  the  fiber.  These 
stresses  can  be  caused  by  mechanical 
forces  or  by  temperature  gradients. 
Consequently,  a  considerable  amount  of 
rime  and  effort  has  been  devoted  in  the 
design  of  a  hollow  tube  construction  which 
will  prevent  stresses  in  the  fiber. 

Our  new  concept  represents  a  different 
approach  to  the  design  of  a  stress-free 
optical  fiber  cable.  Instead  of  leaving 
the  fibers  to  move  freely  whenever  outside 
forces  are  applied,  a  member  which  absorbs 
all  stresses  is  bonded  to  them.  This  is 
accomplished  by  means  of  a  pair  of 
fiberglass-reinforced  plastic  tapes  which 
have  the  same  coefficient  of  thermal 
expansion  as  the  fibers.  These  tapes  can 
absorb  a  considerable  amount  of  mechanical 
stress  before  they  elongate  and  start 


transferring  the  stress  to  the  embedded 
fiber.  This  paper  describes  the  design  of 
a  LAN  cable  based  on  this  new  concept. 

Manufacture  of  the  Sub-Unit. 

The  availability  of  optical  fibers  and 
glass-reinforced  tapes  called  for  the 
design  of  a  line  capable  of  processing 
measurable  lergths  of  sub-units  .  Special 
care  had  to  bt  taken  to  preserve  the  fiber 
properties  during  the  bonding  operation. 

A  schematic  representation  of  the  line, 
which  is  20  m  long,  is  shown  in  Fig.  1. 
The  fibers  are  fed  into  the  line  from 
individual  payoffs.  Two  coils  of 
fiberglass-reinforced  tape  are  paid  off 
from  top  and  from  bottom  with  the  bonding 
side  adjacent  to  the  fibers.  A  special 
drive  was  developed  to  ensure  that  the 
tapes  are  dispensed  to  the  bonding  station 
without  sticking  or  slippage.  Special 
attention  had  to  be  given  to  ensure  that 
the  strips  are  handled  with  great  care  to 
avoid  spoiling  the  bonding  surface. 


Fig.  2  illustrates  the  fibers  and 
tapes  entering  the  bonding  station. 
Single-mode  9/125  pm  optical  fibers  were 
used  throughout.  The  positioning  of  the 
fibers  between  the  tapes  is  assured  by  a 
guide  which  permits  perfect  alignment. 
This  feature  is  especially  helpful  in  on¬ 
site  spl  icing. 
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Fig.  2.  Guidance  of  sub-units 


The  actual  bonding  is  illustrated  in 
Fig.  3.  Again,  everything  is  done  to 
ensure  that  the  fibers  are  handled  with 
care  and  that  the  least  amount  of  pressure 
is  applied  to  the  sandwich  by  two  soft 
plastic  rolls.  The  sandwich  sub-uni1:  is 
then  taken  up  on  a  reel,  ready  for 
testing. 


As  can  be  seen,  the  line  allows  for 
any  number  of  fibers  to  be  sandwiched.  The 
manufacturing  speed  can  reach  up  to 
30  m  min-1.  The  fiberglass  tapes  are  6  mir, 
wide,  which  is  adequate  to  accommodate  ten 
fibers  in  a  sub-unit.  Several  sub-units 
which  have  been  manufactured  and  tested 
are  shown  in  Fig. 4. 


Fiber  Properties  in  the  Sub-Unit. 


Testing. 


Sandwiching .  As  a  first  step  we  had  to 
investigate  any  possible  impact  by  the 
manufacturing  of  the  sub-unit  on  the 
fiber  properties.  All  tests  on  the 
individual  fibers  before  and  after 
sandwiching  revealed, in  the  worst  casj, 
an  attenuation  increase  of  0.1  dB  km 
Most  fibers  in  the  same  sub-unit  did  not 
exhibit  any  relative  difference. 


Fig.  4.  Typical  sub-units. 

Tension  test.  The  purpose  of  the  second 
test  was  to  determine  the  tension  forces 
that  could  be  applied  to  the  sub-units 
without  an  increase  in  attenuation.  The 
length  of  the  samples  for  this  test  was 
6  00  m. 


. 1 

Tension  i 

(!J)  1 

a 

(dB) 

€ 

(°/oo) 

100  ; 

"« . 

2.5 

200 

0 

5.0 

300  | 

0 

7.5 

400  j 

0.02 

10.0 

500 

0.02 

13.8 

Table  1 


Table  1  illustrates  the  dependency  of 
strain  and  attenuation  on  the  applied 
forces.  As  can  be  seen,  while  there  is  an 
increase  in  strain,  there  is  no  increase 
in  attenuation  up  to  300  N  of  applied 
tensile  force.  Assuming  that  the  pulling 
force  on  the  sub-unit  will  be  less  than 
100  N  during  its  life  time,  this  leaves  a 
perfectly  safe  margin  for  handling  the 
sub-unit  during  testing,  further  pro¬ 
cessing  and,  above  all,  during  on-site 
spl icing. 

Tempe.a ture  cycling.  In  order  to 
investigate  the  effect  of  temperature 
variations,  the  sub-units  were  measured 
between  -20°C  (-4°F)  and  +60°C  (140°F). 

The  tests  were  conducted  at  the  1,300  nm 
wavelength.  The  test  consisted  of  two 
consecutive  temperature  cycles.  Table  2 
shows  the  results  of  the  temperature 
cycling  tests:  there  is  almost  no 

deviation  in  the  attenuation  within  the 
given  temperature  range  at  this 
wavelength.  Tests  conducted  at  the  1,550 
nm  wavelength  showed  a  considerable 
increase  in  attenuation  at  -20°C(-4°F). 
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This  condition  will  have  to  be  improved 
in  the  event  that  this  wavelength  should 
be  used  in  the  local  area  network. 


Attenuation  at 

1,300  no 

m 

-20 

+60 

0 

-20 

+60 

+20 

(*C) 

m 

-4 

+140 

32 

-4 

+140 

+52 

CF) 

0.39 

0.39 

0.37 

0.36 

0.38 

0.35 

0.33 

dB  km"1 

Table  2 


Twisting.  For  the  bending  properties  of 
a  complete  cable  having  a  stack  of  sub¬ 
units  as  a  core,  it  was  interesting  to 
determine  whether  the  sub-unit  could  be 
twisted  and,  if  so,  how  often  over  a  given 
length  without  having  an  impact  on  the 
attenuation. 

The  tests  revealed  that  a  10-fiber  sub¬ 
unit  could  be  twisted  five  times  on  its 
axis  over  a  one-meter  unit  length  without 
a  noticeable  increase  in  attenuation.  It 
was  therefore  decided  to  twist  the  stack 
two  to  three  times  per  meter  during 
manufacture. 

Manufacture  of  a  Cable  with  Ribbon  Sub- 
Units. 

The  ribbon  type  design  of  the  flat  sub¬ 
unit  was  meant  to  be  a  part  of  a  LAN  cable 
where  a  multitude  of  closely  packed 
optical  fibers  is  required,  along  with 
protection  against  outside  mechanical 
damage . 

As  a  first  step,  a  cable  with  ten  sub¬ 
units,  each  containing  ten  fibers,  was 
produced.  This  made  for  a  total  of  100 
fibers  which  are  carefully  protected  by  a 
strong  corrugated  steel  sheath. 

The  UNIWEMA®  system  is  illustrated  in 
Fig.  5.  It  shows  that  the  metal  strip  is 
cleaned,  trimmed  along  both  edges  and 
formed  into  a  smooth  tube,  longitudinally 
welded  and,  finally,  corrugated.  The  stack 
of  ten  sub-units  is  fed  into  the  formed 
smooth  tube  prior  to  welding.  Feeding  the 
stack  into  the  tube  in  a  straight  line 
would,  in  all  likelihood,  affect  the 
bending  properties  of  the  final  cable 
along  its  two  perpendicular  axes.  This  is 
the  reason  for  applying  a  reverse  lay  to 
the  stack  prior  to  feeding  it  into  the 
tube,  ensuring  identical  bending  behavior 
in  all  directions.  The  fact  that  the  sub¬ 
units  are  free  to  move  with  respect  to 
each  other,  enables  them  to  absorb  outside 
bending  forces  without  affecting  the 
optical  fibers. 


The  corrugation  process  shortens  the 
smooth  tube  between  10%  and  20%. 
Therefore,  the  stack  speed  is  slower  than 
the  speed  of  the  smooth  tube.  Their 
relative  speed  can  be  adjusted  depending 
on  the  desired  restraint  one  wishes  to 
apply  to  the  stack  within  the  tube. 

Fig.  6  shows  the  stack  entering  the 
UNIWEMA®  machine.  The  reverse  lay  is 
imparted  to  the  stack  by  means  of  a  me¬ 
chanical  device  driven  by  a  reversing 
electrical  motor. 


Fig.  6.  Manufacture  of  a  LAN  cable 


During  strip  forming,  a  hygroscopic 
powder  is  introduced  to  provide  a 
humidity-absorbing  substance.  Petrojelly 
can  be  substituted  for  the  powder,  if 
preferred  (Fig. 7). 

Fig.  8  illustrates  the  argon-arc 
welding  head  in  the  process  of  seam¬ 
welding  the  strip.  A  split-clamp 
caterpillar  pulls  the  strip  through  the 
forming  and  welding  stations  and  pushes 
the  tube  through  the  corrugator  (Fig.  9). 
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It  T" 


^  ^  ^  A 


t  v 


7.  Feeding  the  hygroscopic  powder 
into  the  tube 


Fig.  10.  LAN  cable 


Spl ic ing . 


8.  Welding  the  sheath 


In  the  eyes  of  a  cable  manufacturer, 
an  adequate  splicing  technique  is  one  of 
the  foremost  imperatives.  Therefore, 
considerable  effort  was  placed  on 
developing  a  splicing  technique.  One  of 
the  conditions  was  the  ability  to  splice  a 
10-fiber  sub-unit  in  the  shortest  possible 
time,  with  the  smallest  increase  in 
attenuation  and  with  the  highest 
probability  for  successful  splicing  at  all 
times.  Numerous  techniques  were  tested.  It 
was  concluded  that  welding  the  fibers 
would  yield  the  best  results.  As  is  usual 
for  successful  welding,  strict  cleanliness 
and  proper  preparation  of  the  edges  are 
pr  e-condi t ions  . 

Fig.  11  illustrates  how  the  two 
f  iberg 1 ass-r einf orced  strips  can  be  peeled 
off.  The  coating  is  removed  from  the 
fibers,  ten  fibers  at  a  time,  using  the 
conventional  methylene  chloride  process. 
Tire  fibers  are  now  clean  and  ready  for 


'-5 


i  i 


Fig.  9.  Split-clamp  caterpillar  and 
cor ruga  tor 

Fig.  10  shows  the  corrugated  tube  with 
the  open  stack.  Corrosion  protection  is 
appl ied  over  the  corrugated  sheath  and, 
finally,  a  polyethylene  jacket  is  extruded 
over  the  cable. 


Fig.  11.  Peeling  off  the  fiberglass 
re i nf or  cements 


International  Wire  &  Cable  Symposium  Proceedings  1987  105 


A  special  cuctet  was  developed  for  the 
correct  cutting  of  all  ten  fibers.  Studies 
were  made  on  high-speed  film  to  ensure 
that  the  cuts  are  properly  made,  even  in 
the  event  that  the  ten  fibers  are  not  of 
exactly  the  same  diameter.  A  special  tool, 
consisting  of  a  spring-loaded  diamond 
blade  jumping  from  fiber  to  fiber  while 
all  fibers  are  under  tension,  was 
developed  for  this  purpose  (Fig.  12). 


Fig.  12.  Spring-loaded  diamond  cutter  for 
the  simultaneous  processing  of 
ten  fibers 


big.  13.  Semi-automatic  splicing  of  ten 
f iber  s 


Cone  1  us  ion . 

The  newly  developed  multi-fiber  cable 
offers  new  possibilities  for  LAM  cables 
due  to  its  simple  design  and  easy  handling 
properties  of  its  sub-units.  These  sub¬ 
units  can  be  fabricated  with  one  to  twenty 
optical  fibers  which  are  easily 
identifiable  by  numbering  or  col or-cod ing . 
By  defining  the  direction  of  counting 
within  a  sub-unit,  any  individual  fiber 
can  be  traced  within  seconds  in  a  stack  of 
100  or  more  fibers.  For  safety  reasons  and 
with  the  enormous  amount  of  information 
flowing  through  such  a  stack  of  fibers,  a 
strong  corrugated  steel  sheath  should  be 
uppl ied  to  protect  this  valuable  core. 


The  splicing  was  performed  on  a 
modified,  commercially  available  welding 
unit.  This  device  (Fig.  13)  is  micro¬ 
processor-control  1 ed,  with  an  electric 
arc  having  a  voltage  range  between  3  kv 
and  10  kV  and  a  current,  range  between  7  mA 
and  30  mA.  Prior  to  welding,  the  fibets 
are  positioned  au toma t ica 1 1 y  with  respect 
to  each  other  by  a  light  alignment  and 
measuring  system.  The  modified  fusion 
splicer  enabled  us  to  position  all  ten 
fibers  at  once  and  to  weld  each  fiber 
following  an  automatic  adjustment.  The 
alignment  of  each  individual  fiber  to  the 
arc  is  made  by  the  operator.  After 
splicing  is  completed,  the  joint  is 
covered  with  fiberglass-reinforced  tape, 
which  renders  it  as  sturdy  as  the  rest  of 
the  sub-un  it. 
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Abstract  Cable  Assembly  Design 


The  design  and  development  of  a 
single- mode  fiber  optic  tactical  cable 
assembly  for  use  in  the  Jingle-Mode  Fiber 
Optic  Communications  System  (JlMFu'JS)  nave 
been  completed.  Development  effort  was 
g  i :  1  e d  by  t  n e  detailed  design  criteria  as 
required  by  the  contracting  organ i za t i on , 
t  n  t*  '  J  .  S  .  Army  0  F.  C  S  V  .  A  completed  cable 
assembly  consists  of  a  ’-km  cable  contain- 
ing  tdc  tightly-buffered  s ;  n  g  1  e  -  m  a  e 
optical  fibers  terminated  witn  du;lex, 
hermaphroditic  connectors.  Fiber  utilised 
in  the  cable  assembly  is  a  standard  AT. 4  r 
single -mode  fiber*.  Trie  cable  design  is 
based  on  the  earlier  multimode  Tactical 
Fiber*  Optic  0  a  b  1  e  Assembly  i  T  r  -j  Z  A  )  design. 
Tne  connector  design  is  also  an  adaptation 
of  the  multimode  T  r  J  A  design.  However, 
due  to  the  smaller  core  diameter*  of  t  r.e 
single-mode  fiber,  further  design  improve¬ 
ments  w  ere  incorporate!  to  a  1 1  a  :  n  t  n  e 
*’egui”el  low  loss  performance. 


i  n  t  r  ?duc t  l on 

AT*  T  Hell  Laboratories  nas  completed 
t  r.e  development  of  the  si  ng  le-m^de  tacti¬ 
cal  cable  assembly  for  the  Jingle-Mode 
Fiber*  Optic  Oomnun  i  cat  l  '■•ns  System 
, J 1 M  F  j  0  S  )  program.  This  development 
pro gr  is  was  funded  by  tne  -j.S.  Army 
Communications  -  Electronics  Command 
(CE.UM).1  The  cable  assembly  was  designed 
to  t.  m  e  t-  stringent  s pec i f l oa t i ^ns  imposed 
by  the  contracting  agency.  Tne  design  is 
basically  a  single-mode  adaptation  of  tne 
Tactical  F  i  b  *  r  Optic  Cable  Assembly 
( T FD 0 A )  which  ures  50/1 2b  micron  multimode 
fiber-  and  was  developed  by  AT&T  for 
C  ri  C  o  M  .  2  Like  its  multimode  counterpart  t 

tne  s I ngl e-mnde  unit  is  ruggedized  f or  use 
in  tactical  environments  and  it  offers 
additional  advantages  of  longer  unrepeated 
transmission  distances,  higher  bandwidth, 
and  the  potential  for  further  performance 
improvements.  This  paper  describes  the 
design  and  development  of  this  cable 
assembly  and  enumerates  performance  test 
results  for  the  assembly  as  well  as  its 
component s  . 


A  completed  cable  assembly  consists  of 
a  1  -  km  cable  terminated  with  hermaphrodi¬ 
tic  connectors  at  both  ends  as  illustrated 
in  Figure  1.  A  c r os 3 - se c t i ona 1  view  of 
the  cable  and  an  illustration  of  tne  con¬ 
nect  or  are  given  in  Figures  J  and  3 » 
respectively. 


Figure  1.  5  1  M  F  J  C  S  C  a  o  1  e  Assembly 


The  single-mode  fiber*  used  in  the 
cable  assembly  is  the  standard  AT&T 
It?  pressed  cladc.  ing  design  which  has  been 
s  h  o  w  ri  t  ■■>  have  exceptional  micro  bending  and 
macrobending  performance.  For  this  appli¬ 
cation,  the  f . b e r s  were  prooftested  to  7 U 0 
MPa  ( 1  do  ksi).  These  fibers  can  operate 
at  botn  1 3 1 0  nm  and  1550  nm  wavelengths. 
However,  tests  were  conducted  and  the 
results  are  presented  only  at  1j10  nm  wave 
length.  The  fiber*  is  coated  with  dual 
acrylate  coatings  which  are  mechanically 
strippable.  These  fibers  are  then  tight- 
buffered  to  1  mm  (.039  inch)  diameter  with 
a  polyester  elastomer.  The  buffering 
material  is  also  mechanically  strippable 
in  order  to  facilitate  termination  and 
repair  in  the  field.  The  buffering 
material  wa3  chosen  to  minimize  microbend- 


108  International  Wire  &  Cable  Symposium  Proceedings  1987 


ing  losses  induced  by  exposure  of  the 
cable  to  temperature  extremes  of  -ao°C  to 
71 °C  as  required  by  tne  design  criteria. 

The  core  of  the  cable  contains  two 
buffered  fibers  which  are  c~>  1  or'  o ■  > d e u  for 
identification  purposes.  Arimid  yarns, 
which  are  the  main  tensile  i ■'M d- ear  r  /  i  n  g 
members,  are  stranded  around  tne  buffered 
fiber' s  in  two  opposing  layers.  The  sheath 
over*  the  ar  am  id  yarns  is  a  composite  of  i 
flame- retar dant  polyurethane  and  four 
epoxy-glass  reinforcement  rods.  The  ■•‘uter 
1  i  a *n e t  e r  of  the  cable  is  o  .  0  mm  i  o  .  c  i  4 
inch).  The  cable  design  is  the  same  as 
tne  TFOCA  cable  design*  except  for  the 
f l oer  . 


Tne  connector  is  a  s  i  ng  i  -»-m  od**  adipta- 
t  :  .■>  n  of  tne  1  r  A  duplex  o  ^ :  ■  i  i  e  c  t  o  ** .  It 
meets  the  m  e  c  n  a  r.  i  c  a  1  m  J  e  n  v  i  r  o  n  n e n  t  -» 1 
revjiuremej.is  supplied  by  Ch.'eM  in  tne  co.n- 
t  r  a  c t.  u a  1  s  t  a t e r. o r. t  o f  worn  .  T r. e  o n n e c - 
ter,  sr»cw:,  1  r,  Figure  3,  is  less  than  a  cm 
v  1  •  b  7  in  on/  i  r.  li  meter  ,  and  1  mate  :  j  nr 
weighs  u n d e r  u  .  o  Kg  {  1  .  j  lb;.  A  c o m  •  •  t  n  :  .1  n 
bu  Ik  head  receptacle  w  is  de  v*.*  1  o  ped  for  trie 
system  and  s  n  ares  1  _  o  m  :r.  o  n  n  *.*  r  rr.  1  p  h  r  ■  a  1 1 1  c 

interface  . 


Figure  j.  SIMFUJiS  Connector 


One  of  tne  two  fibers  in  tne  conrie.-tor 
terminates  with  a  pi  ig  and  the  m trier  with 
a  biconic  sleeve.  A  sealed  connector- 
insert  subassembly  cont  3  i  n  .3  t  h  e  b  1  c  o  n  1  c 
components.  Special  features  prevent 
water  ingress  and  allow  trie  plugs  and 
sleeve  to  f  1  o a t  radially  and  axially  t ,  - 
properly  align  w  fieri  two  connecters  are 
mated.  The  front  portion  of  t  r.  e  sub¬ 
assembly,  called  tne  sleeve  r  e  t  a i n  e  r , 
no  uses  the  sleeve  and  provides  tne 
connector's  h  e  r  m  a p h r  o  o 1 t 1 c  profile. 

A  d  ic  -cast  aluminum  snell  house..,  the 
connector  insert  aril  retains  the  cable- 
termination  hardware.  It  also  provides 
storage  space  f o r  s  1  a c k  fiber.  A  t n r e a d e d 
a  1  u  r.  i  n  urn  nut  couples  two  c  ■:<  n  n  motors  >  r  a 
c o  n  n  e c  t  o  r  and  b  u  1  k  h  e  a  d  receptacle.  The 
shell  and  coupling  nut  are  designed  to 
elastically  withstand  '•  7  d  >  N  •  ^  u  j  lb; 
t  e  n  s  i  >  n  ct  j r  033  mated  : o  n  n *■*  c  t  •->  r  s  . 

All  possible  water  *ea/  paths  into  th»- 
connect  or  are  tl  >c<ed  t.  y  ■  as  turner  1  ; 
seals,  and  a  n  •*  r  rr.  a  p  h  r  0  d  i  t  1  ;  dust  cover 
prevents  «  iter  or  dust  entr  y  into  t, 
u  n  m  a  t  e  d  e  o  n  n  e  c  t  o  r  . 

The  1  u  j  t  -co  v o r  snell  an  1  eh d  ;  t ;  if 
*■  he  .:1VF  unit  are  y  .  1  ar.o  2  i  t. 
visually  distinguish  it  from  the  «  1  1  -  b  1  .*  •  •  k 
IF  /'A  connect  or  .  Trie  1  ?  F  .  . sleeve 
retainer  Jiffers  i  n  t  •*  n  t  1  from,  tne 

j  o  r  r » •  s  p  *.  1 : .  ;  1  g  IF  ,  P  A  part  t  ■  me  :  * .  <t  r . ;  •:  ■  a  1  1  > 
prevent  the  1  had  ver  t  e?i  t  mating  ,.f  sing,-- 
:r.  •  >  1  e  and  rr. ..  1  t  i  m o d  e  *  o  r, e  :  t ...  r  s  . 

Fxcept  for  the  sleeve  retainer'  ar,  :  t  *■  e 
t  w o  go  1.  d  -  an o  3 1  z e  d  par  t  s  r. e n  t  I  w •  n -  d  j  t  ■  v 0  , 
ill  hardwire  is  0  o  rr;  »•:  -  n  :■  t  w  e  «.*  n  t  h  e  7  r  „  J  A 
a  n  d  1  y,  F  :  .1  d  e  3 1  g  n  s  .  I  r.  is  c  •  m  e  r.  ,  a  r  t  s 
usage  reduces  o  I M  F  o  J  P  costs  by  r-edu-'iig 
the  development  effort,  and  by  1  n  c  •'  e  a  .3 .  *.  y 
the  v  i  urr.e  of  tne  common  parts. 

Another  crucial  but  somewhat  im percept  - 
idle  difference  between  t  n  e  designs  is  t : ,  - 
increased  precision  of  tne  hi  cor.  id  cump.- 
n  e  n  1 3  r  e  q  u  i  r  e  d  f  o  r  tne  a  i  n  g  1  -mod  e 
application. 

p  e  r  f  o  r  ,m  a  n  c  e 

The  w h 0 1 1  c a  b  l  e  a s s e m b 1 y  an d 
individual  0 •  >m  p o  n  e  n  t  s  i  f  i  b e 0  ,  b  u  f  f  e  r  e  1 
fiopr  ,  c .a  b  1  ,  a n  d  c o n  hector  )  w  e r  e  s  u  t  - 

jected  to  trie  r  »•*  q  j  i  r  e  d  optical,  e  r,  v  i  r  '  n  m  e  n  - 
tal,  and  mechanical  per'  for  man  oe  tests. 

The  result  3  f  0  •*  individual  components  ar.  i 
the  assembly  are  enumerated  in  the  follow¬ 
ing  p  a  r  h  g  r  a  p  h  s  . 
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Fiber  Performance 

Ail  the  fioers  were  tested  for  their 
optical  and  dimensional  retirements 
before  being  used  m  the  cable.  These 
tests  include  attenuation,  attenuation 
uniformity,  cut-off  wavelength,  mode -field 
r  alius,  clad  and  coating  diameters,  core 
eccentricity,  etc.  Though  not  required 
under  t ne  development  program,  t ne  fibers 
were  tested  for  response  to  environmental 
temperature  cycling.  The  temperature 
cycle  used  was: 

•  baseline  the  loss  measurements 
through  multiple  measurements  at  room 
temperature,  2 b  ° 0  , 


sn::  :xr 


TtMTOUWt  «C 


•  reduce  the  temperature  to  -  ^  t> 0  C  and 
dwell  at  least  .* 4  hours  c-efore  m e a s u r e - 
men  t  , 

•  reduce  tne  t  e  m e  r  a  t  u  r  e  to  -  b  b  0  0  a  n  d 
dwell  at  least  1.  hours  be  fort*  measure- 


•  return  to  room  t  err.  p»*r  at  ure  ,  Jb'C, 
and  dwell  it  l**,ist  •  ..  no  jrs  before  me  is  ure - 
"■ '» n  t  , 

•  increase  tne  temperature  to  71 

md  dwell  it  !»■»  i  s  t  I.'  r.'ur’s  before  me  is  ure - 


•  increase  the  temperature  to  bb°- 

and  dwell  at  leist  -  •«  hours  before  me us ure - 
."l  er.  t  , 

•  return  to  r o o m  temperature,  c b 5 C , 
arid  iwell  at.  least  1  hours  before  meusure- 


T  n  e  contract  required  t  n  a  t  t  n  e  assemblies 
i nd  components  be  subjected  to  tnree 
temperature  cycles  described  anove. 

Instead,  f i v e  c  y  c  1  e  s  w e r  e  run.  T  ne  le  s i gn 
requirement  of  temperature  extremes  is 
from  - w  o  °  C  to  M  0  C .  The  temper  it ure  range 
was  extended  t  ^  -  b  b  0  C  and  S‘j  °  C  to  investi- 
g  a  t  e  t  n  e  p  e  r  f  o  r  m  a  n  c  e  at  these  temperatures. 
T n e  performance  of  the  J I M F J J $  single-mode 
fiber’s  for  the  temperature  cycles  is 
presented  in  Figure  4 .  The  fibers  show 
excellent  performance  with  a  maximum  added 
1  o s 3  of  0 . 0  b  d  B  /  k m . 


Figure  ^ .  blMFJJo  Fiber  Temperature 
2 y c 1 1 n  g  Test  K  e  s  u 1 1  s 

buffered  Fi Per  Perform ance 


There  were  no  specific  requirements 
for  buffered  fibers,  other  than  tne  dimen¬ 
sional  requirements  o n  the  outer  d i a  m  e t  e  r 
and  o  o  n  c  e  ntn  c  1 1  y  o  f  the  i  b  e  r  .  F  v  e  r  y 
buffered  fiber  used  m  the  cables  was 
screened  for  these  dimensional  r e  4 u  *  Te¬ 
rn  en t  s .  Tno u  g  n  not  required  ,  the  b u f  f e r  e d 
fibers  were  also  tested  for  response  t 
temper  at  ure  : y c  1  i  n g  .  Tne  results  :  f  t  n  1 
test,  wnioh  uses  t  ne  sure  y  ;  1  e  j e s  e r  i  •-  d 
in  tne  fiber  sect i bn,  ire  given  in  Figure 
b .  The  buffered  fibers  were  1 1  s .  sub- 
j  e c  t  e d  to  an  accelerated-aging  test  w h  i  -  n 
basically  s i m  1 1  a  t  e  s  the  j  s  e  of  t n  1  s 
buffered  fiber  ^and  t^e  ;  <1 M  *:  in  general  ) 
it  Ob  0  C  for  t  ne  design  Life  f  *  ,  year  s  . 
Tne  accelerated  aging  test  consists  of 
exposure  of  tn-*  materials  to  1  1  0 0  •  J  for  1  . 
lays.  Inis  time-temperature  reliti unship 
was  arrived  at  by  using  vise*' elastic  prin¬ 
ciples*  Tne  excellent  i  c  c  e  1  e  r  a  t  e  d  -  a  g  i  n  g 
performance  of  tne  buffered  fibers  is 
illustrated  in  Figure  b .  After  tne  0 0  m ;  1  e 
t  i  o  r.  of  tne  accelerated-aging  test, 
further  testing  was  continued  with  temper 
•iture  cycling  between  -  7  \> 0  C  and  !  h 
Tne  results  of  this  temperature  cycling 
are  a  is..*  presented  in  Figure  b  and  again 
show  the  excellent  performance  o f  the 
buffered  fibers. 


;,«*•  ,4«‘  »*t« 

? 

*  -O  f  1 

cvctf  1  CYCLE  2  CYCLE  3  CYCLE  4  CYCLE  S 


temperature.  °c 

Figure  5.  S1MF0CS  Buffered  Fiber  Tempera¬ 
ture  Cycling  Test  Results 
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O.ft  l 


■ 

i 

i 


4  MEAN  •  RANGE 


TEMPERATURE.  C 


NO.  or  DAY§ 


r  1  g  u  r  t» 


2  M  .L  .  ■  Buffered  Fiber  A  o ; 
v  r  ■*  t  e  d  A  g  i  g  I  e  3  t  S  e  3  u  2  t  S 


.  a  £  *  e  r  ert  ,*rir,ar 


Trie  .'  IMF,..;.'  :i52i#s,  is  •■*  Mrip.'ner.t  if 
tie  1 5  3  e !»: :  2  /  ,  w  e  r  e  s  u  r  j  e  ■-  t  e  -2  t  >.  a  r  a  1 1  e  r  / 

f  :  p  t  i  c  a  2  ,  e  i  v  ;  r  i  •  n  r.  e  n  t  a  2  ,  aid  r.  e  :  n  an:  :  a  2 

teats.  Tie  t.  e  a  i  o  p  t  i  c  i  1  *.‘35  was  .  •  *• 

I  i*  '  *  r.  it  1  ;  1  .  nr.,  3  n  o  w  :  r.g  t  r.  a  t  t'^re  was 

f  4  s  ;  a  2  1  /  1  ~  a  2  :  e  1  2  0  a  a  1  t  c  tie  b  u  f  f  e  r  - 

I I  g  ir  i3  '  a  t  i  1 1  g  ,  r  o  e  3  3  e  s  Tor  these  :  a  M  •»  s 

Tie  .?  a  r  2  e  w  4  a  designed  f  o  r  a  temperature 
range  f  -  w  t  J  ;  t  .  ^  1  3  J  ,  a  n  3  tie  e  v  a  2  j  a  t  :  "» 1 


m  13  e  x  t  e  n  2  e  3  t ,  - >  3  2  and  o  *:•  *  ~  i  5  n  e  i  - 

•itr.el  ref  ire.  Tie  res  u2ts  f  temperature 
y  2  ,  i  g  :  f  t  n  r  e  e  s  a  r. ;  2  e  s  of  1  - m  lengths 
are  present  el  :n  Figure  7.  Tie  stars  •  J 
;  r.  Figure  ‘7  are  w  '  r  $  t  rase  lata  points 
w  n :  v  i  represent  -me  tut  »■>  f  six  test  fibers. 
Tie  pi  ;■  1 1  e  J  means  giver,  sis:'  include  these 
w  o  rst  :  a  s  *»  data. 


J  *  *  .  ■  ■  ■  •  : 

*  ,  ,  ♦♦« 

3  no*  "  . I . 


The  cables  pass  trie  re  pj^enent  of  J .  t 
d  a / k  m  maximum  added  less  f o r  t  h r e  e  temper  a  - 
■.are  cycles  between  -  ^  t  0  7  and  7  1  J  C  .  Tie 
.able  also  passes  the  requirement  for  five 
temperature  cycles  between  -Sb3-'  an  3  rib".', 
accounting  for  tie  accuracy  of  the  measure- 
men t  system  of  i  .  7 b  dB/ksi.  The  maximum 
of  mean  added  loss  was  at  -  b  b  0  7  and  was 
less  than  0.1b  d  B  /  k  m  .  As  a  comparison, 
the  multimode  T F 0 7 A  cable  nal  an  added 
mean  loss  of  less  than  0.2  d  B  /  k  m  as 
opposed  to  the  requirement  of  O.b  d  B  /  k  m 
between  -bb°C  and  Sb°C.  This  establishes 
that  the  basic  cable  design  is  applicable 
for  both  multimode  and  single-mode  fibers. 


The  results  of  accelerated  aging  test¬ 
ing  of  three  '■) .  b  km  lengths  are  presented 
in  Figure  8.  This  figure,  again,  shows 
excellent  performance  of  the  cable  not 
_'nly  for  the  accelerated  aging  test,  but 
also  for  tie  u.n required  temperature  cycl¬ 
ing  between  -7b°C  and  ijO°C.  The  tempera¬ 
ture  cycling  between  -  7  b  0  7  and  1 J  u 0  7  was 
added  to  this  aging  test  just  to  study  the 
performance  beyond  the  cable's  design 
limits.  During  the  temperature  cycling, 
at  -  7 b 0  “  ,  one  fiber  n a  d  an  added  loss  c  f 
about  1 . C  d  B / k  m  ,  whereas  tne  remaining 
five  fiber s  were  far  below  tne  require- 
rer.l  . 


]  «  WORST  CASE 

r 

y  0  l  ^  mM*  \  ***** 

[jsToW 

SMFOCS  REQUIREMENT 


-O.S  I 


0  O  O  O  O  OOOOOOA 
N  ^  ^  ^  ^  ^  w 


TEMPERATURE,  <»C 


O  -  N 


«  «  K  •  •  O  •*  M  A  «  0 

NO  Of  DAYS 


Figure  8.  aIMFOCS  Cable  Accelerated  Aging 
Test  Results 


-o  t  > 

ercti  »  ^  erect  »  crci-t  i  crett  «  creel  •  ^ 

X9n:SMs::!M:s:t8  9S8:a^s::ss 

rtM0«  luruAt.  «c 

Figure  7.  SIMFCCS  Cable  Temperature 
Cycling  Test  Results 


The  cables  were  also  subjected  to  a 
long  list  of  mechanical  tests.  The 
results  of  these  tests  are  summarized  in 
tabular  form.  Table  I  presents  these 
tests,  test  procedures,  test  requirements , 
and  the  SIMFOCS  cable's  performance. 
Figures  7  and  8  and  Table  I  clearly  show 
the  SIMFOCS  cables  meet  and  surpass  all 
the  optical,  environmental  and  mechanical 
requ i remen ts  . 
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TABLE  1. 

SIMFOCS  CABLES  MECHANICAL  REQUIREMENTS  AND  PERFORMANCE 


MO. 

TEST 

DESCRIPTION 

PROCEDURE  AND 

REQUIREMENTS 

SIMFOCS  CABLE 

PERFORMANCE 

■ 

OPERATING 

TENSILE  LOAD 

EIA-4S6-FOTP-33 

300N  (SSIbt).  5  MINS 

ADDED  LOSS,  A  S  0.2  dB 

300N  (SSIbl).  8  MIN8 

AS  0. 1  8B 

2 

TENSILE 

STRENGTH 

EIA-45S-FOTP-33 

1  7 SON  (4  0011)1). 

ELONGATION  <  2.0% 

A  -NOT  SPECIFIED 

1780 N  (400lbl>. 

ELONGATION  =  0.87% 

A  S  0.1 

§ 

COLO 

SEND 

DOD-8TD-  1676.  2020 

MANDREL  DIA.  =  30mm 

-4S°C.  to  kg.  t  TURN 

A  S  0.2 

3  TURNS.  A  S  0.1 

IMPACT 

OOO-STO-1878.  2030 

1.5  kg.  IS  cm.  100  CYCLES 

A  i  0  2 

2.0kg.  IS  cm.  200  CYCLES 

A  S  0.1 

KNOT 

AT»T  BELL  LABORATORIES 

OIAMETER  =  30  mm 

0  <  0.2 

COMPRESSION 

OOO-STO-1678.  2040 

10.1  cm  OIA.,  21  ION  <47  5lb1), 

A  <  0.2 

84SON  (ISOOIbl). 

A  S  0.2 

CYCLIC 

FLEXING 

EIA-455-F0TP-104 

MANDREL  DIA  =  30mm 

4  kg.  2000  CYCLES 

A  <  0.2 

10  kg.  4000  CYCLES 

A  <  0.1 

0 

FREEZING  WATER 

IMMERSION 

OOO-STD-  167S.4060 

-10°C,  S  HOURS 
“2°C,  1  HOUR 

A  <  0. 2dB 

Bl 

■ 

TWIST 

■ENO 

NOT  RFOUIREO 

OOO-BTO-  1878,  2080 

MANDREL  OIA  s  30mm 

10  kg.  4000  CYCLES 

A  <  0.1 

10 

CORNER 

•ENO 

NOT  REQUIRED 

-| 

AT4T  BELL  LABORATORIES 

1  mm  RADIUS.  BOON  (  *00181) 

A  <  O.t 

11 

FLAMMABILITY 

DOO-8TO-1S7B,  8010 

80  ANOLE  TEST, 

EXTINOUIBM  S  30  SEC 

<  8  SEC 
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Connector  Perl\Tiarce 

The  primary  design  objectives  of  the 
duplex  connector  are  low  coupling  loss  and 
field  ruggedness.  The  unit  is  required  to 
remain  optically  and  mechanically  func¬ 
tional  under  environmental  and  mechanical 
exposures  typical  of  tactical  field  appli¬ 
cations.  Tests  were  conducted  to  evaluate 
performance  with  respect  to  the  require¬ 
ments  listed  in  Table  II.  Some  of  tne 
tests  are  reviewed  and  the  results 
summarized  in  the  following  paragraphs. 

TABLE  2 

CONNECTOR  REQUIREMENTS 

r~  - 

•  INSERTION  LOSS  0  8dB  MAXIMUM  AVERAGE 

•  MATING  DURABILITY  1000  COMPLETE  CYCLES 

I 

:  •  COUPLING  TORQUE  0  75  INCH-POUND  MAXIMUM 

•  SHOCK  DROP  10FT  DROP  6  TIMES 

•  SHOCK  40G  SAWTOOTH  PULSE.  1 1ms  DURATION 

•  VIBRATION  5-500-5HZ.  15  MINUTE  SWEEP.  4.2g 

•  CABLE  RETENTION  :  1  780N  (400LB  ) 

•  FLEX  LIFE  2000  CYCLES  AT  20°C.  1000 

CYCLES  AT  -S5°C 

;  •  TWIST  LIFE  1000  CYCLES  AT  -20°C 

•  HIGH  TEMPERATURE  MIL-STD-810D.  METHOD 

I  501.1  (71°C) 

I 

•  LOW  TEMPERATURE  MIL-STD-801D.  METHOD 

502  1  (-57°C) 

•  WATER  IMMERSION  2-METER  DEPTH,  24  HOURS 

•  HUMIDITY  :  MIL-STD-810D.  METHOD  507.1 

•  SALT  FOG  :  MIL-STD-810D.  METHOD  509.1 

•  DUST  MIL-STD-810D,  METHOD  510.1 


Coupling  Loss:  Coupling  loss  measure¬ 
ments  were  made  by  concatenating  pairs  of 
plug-terminated  1  -  k  m  cables  randomly 
selected  from  a  group  of  16.  The  coupling 
loss  wa3  derived  by  subtracting  the 
cabled-fiber  attenuation  from  that  of  the 
measured  assembly.  For  60  couplings  (120 
channels)  tne  mean  loss  and  standard  devia¬ 
tion  were  0.67  and  0.29  dB,  respectively, 
as  shown  in  Figure  9. 

Connector-loss  measurements  were  also 
made  U3ing  the  c u t - an d - i ns e r t  metnod  per 
£  I  A  Fiber  Optic  Test  Procedure  No.  3  9  on 
four  12-m  long  cables.  Average  loss  was 
0.65  dB  with  standard  deviation  of  0.11 
dB. 


Figure  9.  31MF0CS  Connector  Coupling  Loss 

Yating  Durability:  Tnis  test  was 
conducted  to  determine  the  mechanics  1 
durability  of  the  connector  assemblies  as 
a  result  of  1000  coupling  cycles.  The 
failure  criteria  includes  visible  physical 
damage  as  well  as  optical  malfunction. 

Loss  readings  were  made  at  increments  of 
53  matings.  At  the  conclusion  of  the 
test,  the  loss  in  each  channel  was  within 
0.09  dB  of  the  initial  baseline  readings. 
Tne  maximum  loss  increase  observed  during 
the  test  was  0.29  dB.  The  connectors  were 
cleaned  once  after  760  matings. 

Yud  liner s ion:  The  connector  was 
designed  to  allow  quick  access  to  the 
biconic  components  so  they  can  be  easily 
cleaned  after  mud  immersion.  This  aspect 
of  tne  design  was  evaluated  by  subjecting 
a  connector  pair  to  10  cycles  of  the 
following  sequence: 

a.  decouple  and  immerse  each  end  in  a 
mud  bath  for  5  minutes: 

b.  water  rinse,  wipe  clean,  and  air 

dry ; 

c .  recouple  and  measure  loss. 

The  maximum  observed  loss  change  was  0.13 
dB. 

Cable  Assembly  Performance 

The  1-km  long  cable  assemblies,  includ 
ing  connectors,  are  required  to  be  sub¬ 
jected  to  a  battery  of  environmental  and 
mechanical  tests  to  insure  reliable  perTor 
nance  in  the  tactical  field  environment. 
Table  III  lists  the  tests.  Some  of  the 
results  are  summarized  below. 
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Attenuation :  Attenuation  measurements 

were  made  Dy  concatenating  pairs  of  plug- 
terminated  1-km  cables  randomly  selected 
from  a  group  of  16.  For  6A  couplings  (128 
channels)  the  mean  loss  and  standard  devia¬ 
tion  were  1.08  and  0.23  dB,  respectively, 
as  shown  in  Figure  10. 


Storage  and  Transit  Temperature  :  The 
caPle  assembly  was  exposed  to  temperature 
extremes  from  -55  0  C  to  *  35  0  C  to  determine 
whether  adverse  effects  would  result  from 
storage  and  transit  environments.  Maximum 
loss  increase  observed  was  0.09  dB. 


immersion:  The  cable  assembly  was 

immersed  in  a  tank  with  one  meter  of  water 
covering  the  unit  for  two  hours.  No 
evidence  of  leakage  was  observed. 


Conclusions 

The  single-mode  duplex  tactical  cable 
assemDly  described  herein  meets  the 
requirements  prescribed  by  the  project 
sponsor,  tne  U.  S.  Army  CEC0M.  The  aver¬ 
age  ca b 1 e - ass em b 1 v  loss  of  1.08  dB  is  well 
within  the  system  transmission  loss  target 
of  1 . a  dB  for  caoles.  Low-loss  fiber, 
cable,  and  connector  designs  have  been 
integrated  successfully  into  the  assembly. 

By  adapting  the  basic  TFOCA  design  and 
AT&T's  single-mode  fiber  technology,  con¬ 
siderable  development  effort,  time,  and 
expense  was  conserved. 
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Summary 

Fiber  optic  field  deployable  cables  have  beer, 
used  for  many  years  in  a  wide  variety  of 
applications  not  necessarily  associated  with  the 
military  tactical  environment .  These  include 
transmission  of  video  signals  for  electronic 
news  gathering,  at  major  sports  events,  and 
as  data  busses  for  signals  from  transducers  in 
geophysical  testing.  For  these  applications, 
the  survival  requirements  of  a  cable  can  be  more 
demanding  than  in  a  military  environment. 

Experience  with  early  field  deployable  cables 
containing  two  to  six  optical  fibers  in  a  tight 
buffer  design  indicated  the  potential  for 
improvements  in  their  mechanical  properties. 

Some  cables  exhibited  major  changes  in  trans¬ 
mission  between  on-reel  and  service  conditions. 


Experimental  data  will  be  presented  on  various 
secondary  buffer  coatings  and  the  trade-offs 
possible  with  this  component.  Consideration 
will  also  be  given  to  strength  members  such  as 
aramid  fiber  and  how  options  such  as  the  braid 
helical  lav  can  affect  tensile  elongation. 

Introduction 

Field  deployable  cables  must  meet  two  contra¬ 
dictory  sets  of  requirements.  First,  they  must 
be  rugged  enough  to  withstand  rigors  of  an 
unprotected  outdoor  environment  which  contains 
temperature  extremes  and  various  forms  of 
phvsical  abuse.  Second,  they  must  be  light 
weight  and  very  flexible.  In  addition,  the 
cable  test  requirements  must  be  commensurate 
with  the  intended  application.  For  example, 
♦•.■irly  military  cable  impact  test  requirements 
were  excessively  severe  while  a  knot  test  was 
not  required. 

Field  Experience 

Initial  field  cable  designs  were  driven  by  the 
need  for  excellent  optical  performance  over  a 
wide  temperature  range  such  as  -55  to  +85°C. 

This  was  due  in  part  to  the  system  optical  power 
budget  required  for  850  nm  electro-optic  devices 
available  at  that  time.  Consequently,  many  of 
the  first  generation  cable  designs  contained  a 
rather  large  1 . 1  mm  fiberglass  epoxy  (FGE)  rod 


as  a  central  core.  This  produced  a  cable  that 
provided  stable  transmission  over  the  temper¬ 
ature  range,  however,  other  difficulties 
occurred  in  actual  field  applications.  These 
field  problems  can  be  grouped  in  three 
categories . 

] )  Method  of  deployment  and  take-up.  Although 
most  cables  are  paid-out  and  recovered  by 
using  a  reel  without  too  much  difficulty, 
alternate  methods  can  result  in  major 
problems.  Some  of  these  other  methods  are 
the  following: 

a)  The  cable  is  recovered  by  a  mech¬ 
anically  powered  take-up.  Such 
equipment  can  often  generate  huge 
elongation  forces  when  the  cable  is 
restrained  by  a  snag.  A  monitoring 
device  and  slip  clutch  are  needed  on 
the  take-up  to  limit  tension  on  the 
cable.  Another  alternative  is  the  use 
of  safety  shear  pins  which  fracture 
when  an  overload  is  applied. 

b)  The  cable  is  pulled  over  the  reel  end 
or  from  a  storage  barrel.  This  method 
causes  a  360°  longitudinal  twist  in 
the  cable  for  each  turn  removed.  The 
result  is  a  cable  that  probably  won't 
lay  flat.  It  will  also  tend  to  get 
knotted,  kinked  and  snagged.  Replac¬ 
ing  the  cable  in  its  storage  container 
can  increase  the  twists  and  result  in 
worse  problems  during  the  next 

depl  ovine nt . 


c)  Tht  cable  is  paid-out  and  recovered 

one  loop  at  a  time  while  being  carried 
on  the  shoulder.  This  method  places 
low  force  on  the  cable.  However, 
repeated  deployment  and  recovery  using 
the  same  direction  winding  will  again 
place  longitudinal  twists  in  the 
cable.  This  again  causes  problems 
identical  to  the  prior  case. 

It  should  be  noted  that  all  these  methods  are 
successful  with  non-fiber  optic  cables. 
Additionally,  the  prior  methods  can  leave 
residual  strains  in  the  cable  when  stored. 

This  may  lead  to  a  failure  after  one  deployment. 
Figure  i  shows  a  cable  that  passed  its  required 
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Figure  1.  Fiber  Optic  Cable  in  Storage  Drum. 


Figure  2.  Cables  After  a  Rodent  Attack. 


attenuation  performance  while  on  the  shipping 
reel,  however,  it  later  failed  in  the  drum 
container.  This  can  be  attributed  to  fiber 
microbending  losses  at  the  cable  kinks  and 
bends . 

2)  Animal  attack.  Many  accounts  of  animal 
attack  have  been  reported.  Some  were 
anticipated,  but  the  severity  of  this 
problem  in  some  parts  of  the  world  was  not 
expected.  For  example,  in  Egypt  it  was 
reported,  "The  rats  here  are  as  large  as 
cats  and  eat  absolutely  anything."  In 
Sumatra,  "Can  you  deliver  a  cable  with  a 
much  thicker  jacket?  The  rodents  here  chew 
anything  they  can  get  their  mouths  over." 
And  in  the  Western  U.S.A. ,  "The  cable 
cannot  always  withstand  the  action  of 
cattle  hoofs."  The  weight  applied  by  a 
cattle  hoof  doesn't  seem  to  be  the  problem. 
Instead,  it  appears  that  the  wiping  action 
of  the  hoof  movement  causes  internal 
damage , 

There  have  been  many  attempts  to  make  a 
rodent^proof  cable.  However,  the  most 
f  effective  cables  have  passed  Rural 

Electrification  Association  (REA)  testing 
with  the  use  of  a  metallic  armoring  system. 
The  result  of  an  attack  on  a  double- 
jacketed  cable  with  a  stainless  steel  braid 
by  a  pocket  gopher  is  shown  in  Figure  2. 
This  cable  passed  the  test,  but  the  armor 
added  considerable  weight  to  the 
construction. 

Other  field  problems.  This  categorv 
contains  human  errors  which  probably  are 
the  major  cause  of  cable  failures.  Such 
things  as  accidental  machete  slash, 
vehicle  attachments,  crushing  ir.  dcors  and 
numerous  other  unforeseen  events  lead  to 
the  damage  or  disruption  of  deployed 
cables . 


The  one  method  of  handling  cable  breaks  in  the 
field  is  to  have  additional  cables  available  for 
substitution.  However,  the  economics  of  cable 
repair  make  eventual  splicing  very  attractive 
for  the  damaged  cable.  Figure  3  shows  a  cable 
that  has  been  repaired  for  various  reasons  at 
six  locations  over  a  600  m  length.  To  date, 
some  field  cable  applications  have  seen  three 
generations  of  improvement  in  cable  repair 
techniques . 


k 

Figure  3.  Repairs  on  a  Fiber  Optic  Cable. 

Based  on  these  experiences,  fiber  optic  field 
deployable  cable  must  be  considered  expendable 
in  that  it  cannot  withstand  every  environmental 
hazard  and  can  only  be  repaired  a  limited  number 
of  times.  Also,  customer  and  manufacturer 
coordination  cn  methods  of  cable  handling  can 
alleviate  potential  problems. 


International  Wire  &  Cable  Symposium  Proceedings  1987  117 


The  preceding  experiences  indicated  that  many 
properties  of  cable  design  could  be  examined  for 
improvement.  The  following  areas  were  selected 
to  improve  physical  performance: 

1)  Impact  resistance  and  the  fiber 
secondary  coating. 

2)  Microbend  resistance  for  reduced 
localized  loss. 

3)  Flexibility  via  suitable  strength 
members. 

Fiber  Secondary  Coating 

An  early  cable  design  employed  a  soft,  .onforroal 
secondary  buffer  coating  with  a  Young's  modulus 
of  only  800  PSI.  This  cushioned  the  fiber  in  a 
construction,  however,  it  did  not  offer  much  aid 
in  physically  protecting  the  fiber.  A  tougher, 
harder  material  with  a  modulus  of  30,000  PSI  was 
also  investigated.  A  comparison  was  made  by 
performing  impact  testing  on  both  types  of  fiber 
coatings  in  a  cable  construction. 

These  fiber  coatings  were  tested  in  two  styles 
of  fiber  cable,  see  Figure  4.  The  first  had  a 
single  thick  1.73  mm  wall  jacket  and  the  other  a 
dual  jacket  with  a  0.5  mm  wall  inner  jacket  and 
1.0  mm  wall  outer  jacket.  All  four  cables  had  a 
6.0  mm  O.D. 


Figure  4.  Single  -  and  Dual-Jacketed  Two  Fiber 
Field  Cables. 

The  results  of  impact  tests  on  the  four  cables 
revealed  that  the  higher  modulus  fiber  secondary 
buffer  coating  produced  significantly  better 
protection.  Also,  the  double  jacketed  cables 
produced  a  higher  level  of  impact  resistance. 

During  impact  testing,  initial  data  seemed 
inconsistent  until  it  was  determined  that  the 
exact  point  of  impact  was  very  important.  If 
the  lay  of  the  fibers  in  the  cable  were  over 
each  other  at  the  impact  point,  as  shown  in 
Figure  5,  they  broke  much  sooner  than  if  they 
were  side  by  side. 


Figure  5.  Cable  Configuration  During  Impact 
Testing. 

Other  tests  such  as  twist  bend  and  flex  were 
performed.  However,  these  tests  revealed  no 
distinct  advantage  to  any  of  the  four  con¬ 
structions.  All  constructions  passed  these 
tests. 

Microbend  Resistance 

In  addition  to  improved  impact  resistance,  it  is 
also  possible  to  improve  the  microbend  resis¬ 
tance.  This  makes  the  cable  less  sensitive  to 
the  bending  losses. 

It  is  extremely  difficult  to  account  for  all  the 
forces  creating  increased  attenuation  in  a  cable 
construction  on  a  theoretical  basis .  One  goal 
is  to  have  a  fiber  buffer  coating  with  a  high 
modulus  that  offers  maximum  lateral  protection 
while  causing  minimum  microbending.  This  topic 
has  been  the  subject  of  an  intense  industry-wide 
investigation  (Ref.  1  to  9) . 

Many  different  fiber  coating  schemes  were 
examined  including  one  which  had  five  coating 
layers  (9).  Again,  a  single  overcoat  of  a 
harder  material  was  selected  on  the  basis  of 
simplicity  and  the  belief  that  the  fiber  would 
still  achieve  acceptable  temperature 
performance . 

Microbend  testing  of  various  secondary  coating 
materials  was  performed  by  pressing  the  fiber 
between  plates  containing  sand  paper  surfaces  as 
described  in  the  current  draft  of  EIA  FOTP-68. 
The  results  are  shown  in  Figure  6. 

Strength  Member 

In  order  to  improve  cable  elongation  properties, 
a  careful  evaluation  of  strength  member  config¬ 
uration  is  necessary.  Both  braids  and  serves 
can  be  considered  with  particular  attention  to 
the  braid  helical  lay.  The  popular  method  of 
describing  a  braid  is  in  picks  per  inch  (PPI) 
with  a  "pick"  referring  to  each  crossover  in  the 
braid . 

When  comparing  a  braid  to  a  served  strength 
member,  there  are  significant  differences.  A 
braid  is  a  balanced  construction  while  a  serve 
is  not.  Axial  loading  a  served  cable  results  in 
the  core  tending  to  wrap  around  the  serve.  On 
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Cable  Compressive  Pressure  vs.  Braid  Helical  lay  And  Radius 


Figure  6.  Fiber  Microbend  Resistance  Tests. 

the  other  hand,  a  braid  tends  to  compress  the 
core  when  under  strain.  This  can  be  signifi¬ 
cantly  reduced  by  selecting  the  proper  PPI  or 
braid  helical  lay  for  a  given  core  size.  The 
pressure  exerted  on  the  cable  core  can  be 
modeled  by: 

P  -  Aa  (2  7T)a _ 

WL  [  (2  TTa)  2  +  Is  ]  ** 

where  P  »  pressure 

A  *  tension  along  cable  axis 
a  »  radius  of  helix 
W  a  width  of  strength  elements 
L  *  lay  length. 

To  calculate  the  pressure,  the  effective  "W" 
must  be  determined.  It  depends  on  the  following 
factors : 

1)  The  width  of  each  strength  member  end 
wrapped  on  the  cable. 

2)  The  number  of  strength  member  ends. 

3)  Voids,  coverage  and  crossover  area  of 
the  braid. 

As  an  example,  let's  assume  the  area  of  double 
coverage  at  crossover  equals  the  area  of  voids. 
Then  the  prior  equation  becomes: 

p  =  a  (2 yp 

L  [  (27Ta)  2  +  L2]W‘ 

Figure  7  is  a  graph  of  this  expression  which 
shows  that  the  pressure  on  the  cable  core  for  a 
large  radius  braid  is  greatly  influenced  by  a 
lay  length  of  less  than  two  inches.  The  lay 
length  and  core  radius  also  determine  the 
helical  lay  angle  or  the  PPI.  A  low  PPI  or 
helical  lay  angle  applies  the  major  contribution 
of  the  strength  member  toward  elongation  Instead 
of  core  compression. 


z 

I 

Z  =  Pressure 
X  =  Lay  |1  lo  4  inches) 
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Figure  7.  Cable  Compressive  Pressure  Versus 
Braid  Lay  Length  and  Center  Radius. 

However,  if  the  PPI  is  too  low,  there  is  a  risk 
of  unacceptable  braid  movement  during  a 
twist-bend  test.  This  can  result  in  movement  of 
the  core  through  the  braid  as  shown  in  Figure  8. 
Here,  the  core  element  has  been  exposed  due  to 
friction  between  the  outer  Jacket  and  the  braid. 
This  results  in  eventual  increased  fiber 
attenuation  and  possible  damage.  A  served 
strength  member  also  has  this  potential  problem. 

Central  Stabilizing  Member 

For  cables  with  more  than  two  fibers,  a  central 
member  made  of  fiberglass  epoxy  (FGE)  can  be 
employed  to  improve  temperature  stability.  The 
thickness  of  this  rod  determines  cable  rigidity. 
It  can  be  rather  small  to  make  the  cable  more 
flexible  and  allow  It  to  pass  a  knot  test.  The 
trade-off  for  doing  this  is  a  larger  net  thermal 
coefficient  of  expansion  for  the  cable.  A 


Figure  8.  Braid  Movement  Resulting  From 
Cable  Flexing. 
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simple  comparison  of  the  net  thermal  coefficient 
of  expansion  for  a  1.1  mm  vs.  0.3  mm  FOE  rod  was 
made  using  a  b.4  mm  O.D.  cable  construction. 

The  calculated  result  was  a  33  percent  increase 
in  the  net  expansion  coefficient. 

Overall  Cable  Structure 

Combining  the  prior  components  leads  to  cables 
which  have  a  higher  modulus  buffer  coated  fiber, 
the  proper  braid  or  serve  and  an  appropriate 
central  core.  The  resulting  cables  provide 
performance  properties  listed  in  Table  1.  Here, 
an  early  cable  is  compared  with  a  current 
design.  The  result  is  conformance  to  all  the 
desired  test  requirements. 

Conclusions 

Based  on  intormation  from  iield  experience, 
cable  structures  were  redesigned  to  optimize 
their  performance.  It  was  found  that  harder 
secondary  bufier  coatings  on  the  fiber,  smaller 
stabilizing  elements,  double  jackets  and  an 
improved  strength  member  configuration  could 
substantially  improve  performance. 
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Table  1  Mechanical  Testing  of  Six  Fiber  Cables. 


Mechanical 

Parameter  and 
Requirements 

Maximum 
Change  in 
dB/km 

Test 

Methods 

I)0D  Std  .  i  678 

Early 

Cable 

Current 

Cable 

Impact,  200  Impacts 
at  4.4  N-m 

0.5 

2030 

Fail 

Pass 

Tensile  Load, 

600  lbs. 

1.0 

3010 

Pass 

Pass 

Cycle  Flex, 

2000  Cycles 

0.5 

2010 

Pass 

Tass 

Cold  Bend 

0.5 

2020 

Pass 

Pass 

Temperature  Cycling, 

(-55  to  +85°C) 

1.0 

4010 

Pass 

Pass 

Compressive  St rength , 

0.5 

2040 

Fail 

Pass 

600  lb.  Load,  4  inch 
Plates 


Ice  Crush 

0.5 

4050 

Pass 

Pass 

Twist  Bend 

0.5 

2060 

Pass 

Pass 

2000  Cycles 

Knot  'lest 

0.5 

- 

Fail 

Pass 
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SUMMARY 

The  paper  examines  the  development  of  a 
load  carrying  electro-optic  cable  assembly 
typically  used  for  naval  towed  appl icat ions 
As  a  full  scale  research  and  development 
exercise,  different  arrangements  and  posi¬ 
tions  of  fibre  optics  were  incorporated 
into  the  design  to  allow  the  evaluation  of 
manufacturing  parameters  to  be  undertaken 
in  order  to  determine  suitability  for  long 
term  operational  use. 

Coupled  with  the  design  and  manufacturing 
programme  was  an  extensive  series  of  land 
based  and  sea  trials,  which  have  proven 
that  an  adequately  rugged i sed  fibre  optic 
element,  if  correctly  positioned  within 
the  structure,  is  capable  of  withstanding 
all  the  rigours  of  operational  service. 


FIBRE  OPTICS  IN  DYNAMIC  STRAIN  CABLES 
In  t  roduc  t  ion 

Copper  cored  cables  have  been  extensively 
used  for  many  applications  in  Naval  and 
offshore  applications,  in  which  the  cable 
is  continuously  exposed  to  stressing  both 
static  and  dynamic.  Over  the  past  30  years 
considerable  expert ise  has  been  built  up 
in  the  design  and  application  of  the;  cable 
technology.  Specialist  techniques  have 
evolved  to  give  high  performance  and  high 
re  1  iab  i  1  i  t  y  . 

Over  the  past  decade  considerable  develop¬ 
ment  has  taken  place  in  the  development  of 
optical  fibres,  methods  of  buffering,  rein¬ 
forcement  and  nuclear  hardening,  but  most  of 
this  technology  has  been  directed  towards 
mainly  static  systems  land  telecommunications, 
pylon  mounted  data  links,  fixed  installations, 
etc.  However,  there  was  little  data  or 
experience  of  fibre  optic  cable  systems  in 
dynamically  strained  environments.  The 
only  experience  available  applied  to  bundles 
of  optical  fibres  being  included  in  umbili- 
cals  for  ROV  where  bandwidth  was  the  major 


requirement,  but  this  was  not  considered 
relevant  to  dynamically  strained  cables 
in  the  context  discussed  in  this  paper. 

Perceiving  the  obvious  advantages  of  the 
properties  of  optical  fibres,  STC  Defence 
Systems  and  the  Ministry  of  Defence, 

Admiralty  Research  Es t abl ishmen t , Sou t hwel 1 , 
Portland,  jointly  set  out  to  develop  the 
technology  for  introducing  fibre  optics  in 
dynamically  strained  cables.  A  low  cable 
design  was  selected  as  a  suitable  study. 

This  paper  describes  the  background  to  the 
design  and  evaluation  of  such  a  cable.  In 
many  cases  we  have  had  to  relearn  the 
obvious.  Hindsight  is  always  helpful  when 
you  have  a  track  record,  but  is  no  use 
without  knowledge  of  the  full  limitations. 
Foresight  when  extending  the  boundaries  of 
knowledge,  without  the  base  data,  may  lead 
you  into  uneconomic  or  too  conservative 
des l gns . 

Strain  Cable  Design 

A  dynamically  strained  cable  consists  of 
a  series  of  cores  helically  laid  up  in  a 
manner  to  give  long  term  performance,  all 
contained  within  a  plastic  sheath.  Two  or 
more  layers  of  eontrahol  ical 1 y  wound  high 
strength  galvanised  steel  wire  is  wrapped 
around  this  sheath  to  take  the  dynamically 
imposed  operating  loads  and  provide  torque 
balance.  The  optical  fibre  units  had  to 
be  designed  to  withstand  not  only  the  pro¬ 
jected  operating  loads,  but  also  the  handling 
and  manufact ui ing  loads,  since  these  are 
far  more  demanding  than  for  conventional 
loose  lube  telecommunication  cable  designs. 

A  cable  was  designed  which  satisfied  the 
need  lo  investigate  different  positions 
for  optical  fibre  cores  in  an  electro-optic 
centre.  It  contained  both  reinforced  single 
fibre  units  and  a  reinforced  quad.  Whilst 
the  former  was  a  well  tested  design,  a  sub 
programme  of  mechanical  tests  was  necessary 
to  prove  the  suitability  of  the  quad  unit 
in  the  dynamic  mode  prior  to  its  inclusion 
in  t  he  cable.  Also  contained  within  the 
development  tow  cable  were  electrical  power 
conductors  necessary  to  energise  wet  end 
instrumentation  in  future  sea  trials. 
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Two  lengths  of  fleet ro-opt ic  cable  were  pro¬ 
duced  with  particular  attention  paid  to  the 
performance  of  the  optical  fibres  during 
cabling.  For  each  production  stage,  process 
development  was  undertaken  to  provide  the 
fibres  maximum  chance  of  survival  and  ensure 
minimal  deterioration  of  optical  transmission 
proper t ies. 

In  parallel  with  the  development  of  the  tow 
cable,  STC  and  A.K.E.(S)  organised  the  design 
and  construction  of  an  optical  transmitter/ 
receiver  pod  for  use  in  the  planned  sea 
trial.  This  contained  a  loss  monitoring 
system  for  the  requisite  number  of  fibre 
channels  and  utilised  one  channel  for  trans¬ 
mission  of  depth  information. 

Upon  completion  of  the  cable  development, 
one  cable  length  was  submitted  for  land 
simulation  tests  whilst  the  other  was 
prepared  with  mechanical,  electrical  and 
optical  terminations  in  readiness  for  the 
t  ow i ng  trials. 

TOW  CABLE  DESIGN' 

Fibre  Optic  Units 

The  basic  fibre  used  was  50/125  micron 
graded  Index  type,  designed  for  multimode 
transmission  at  850  nm.  Each  fibre  had  a 
thermoplastic  secondary  coat  of  polyether- 
ester  elastomer,  and  had  been  subjected  to 
a  proof  strain  test  of  1;.,  elongat  ion. 

Two  types  of  unit  were  included  in  the  tow- 
cable  design;  a  reinforced  single  fibre  and 
a  reinforced  quad.  The  former  was  an  exist¬ 
ing  design  which  had  boon  developed  by  STI. 
Harlow  for  use  in  single  fibre  dispenser 
applications.  It  included  Kevlar  reinforce¬ 
ment  over  the  fibre  and  an  outer  jacket 
of  polyet her-ester  to  1.5  mm  diameter. 

Three  such  units  were  produced  for  each 
cable  length  with  an  over-extrusion  of 
polyethylene  bedding  compound  applied  to  the 
fibre  forming  the  cable  centre. 

The  quad  unit  was  purpose  designed  for  the 
tow  cable.  It  was  originally  intended  that 
two  fibres  should  be  combined  with  two 
insulated  constantan  wires  although  the 
design  was  later  changed  in  favour  of  four 
fibres.  This  was  because  it  was  found  that 
the  constantan  cores  could  not  be  used  for 
strain  evaluation  during  cabling  due  to 
the  process  length  losses.  The  four  cores 
were  twisted  together  at  an  appropriate 
helix  lay  angle  and  with  Kevlar  reinforce¬ 
ment  members  laid  in  the  outer  interstitial 
spaces.  The  reinforced  quad  was  then  over¬ 
sheathed  with  a  solid  extrusion  of  high 
density  polyethylene  giving  the  finished 
unit  a  diameter  of  3.62  mm. 

Constantan  Units 

Two  Kevlar  reinforced,  insulated  constantan 
wires  were  included  in  the  design  with  the 


intention  of  evaluating  the  strain  changes 
in  the  reinforced  optical  uniLs  during 
cabling.  For  reasons  described  above  these 
units  became  redundant  although  they  were 
cabled  as  intended  to  preserve  symmetry. 

Power  Cores 

Three  19  strand  copper  conductors  functioned 
as  the  power  link  to  energise  wet  end  elec¬ 
tronics.  The  diameter  over  the  high  density 
polyethylene  insulation  was  identical  to 
the  optical  quad  unit  (3.62  mm)  to  obtain 
a  regular  formation. 

Cable  Lay  Up 

As  shown  in  Figure  1,  the  three  power  cores 
and  the  optical  quad  were  laid  around  a 
reinforced  single  fibre.  The  remaining  two 
reinforced  single  fibres  plus  the-  two  rein¬ 
forced  constantan  wires  were  laid  into  the 
outer  interstices  formed  by  the  major  units. 

The  whole  formation  provided  a  means  to 
investigate  the  effects  of  cabling  fibres 
with  no  helix  (centre),  a  single  helix 
(outer  interstitials)  and  a  double  helix 
( quad ) . 

Cable  Sheath 

A  solid  extrusion  of  low  density  polyethy¬ 
lene  functioned  as  external  protection  and 
an  overall  water  barrier  for  the  electro¬ 
optic  centre.  This  material  is  widely  used 
in  conventional  electrical  towed  array 
cables  for  its  flexibility  and  resiliance 
to  marine  degradation  and  can  be  easily 
moulded  to  form  pressure  tight  terminations. 

Armour 

Particular  attention  was  paid  to  the  design 
and  processing  of  the  double  layered  external 
strain  member  to  avoid  excessive  twisting  of 
the  cable  at  any  stage.  Its  helix  lay  angles 
and  wire  sizes  were  chosen  to  give  torsional 
balance  between  the  inner  and  outer  layers. 

In  addition,  special  techniques  were  employed 
during  application  of  the  high  tensile  steel 
wires  to  minimise  rotation  of  the  centre. 

The  diameter  of  the  completed  tow  cable  was 
20.3  mm  and  its  theoretical  minimum  breaking 
load  was  20  tonnes. 


Cable  Development 

The  cable  described  above  was  produced  in 
two  lengths  368  and  573  m,  the  former  being 
for  land  testing  and  the  latter  for  extensive 
sea  trialling.  The  difference  between  the 
two  cables  existed  only  in  the  design  of  the 
optical  quad  unit.  This  contained  two  fibres 
plus  two  constantan  wires  in  the  land  test 
lengths  whilst  the  quad  for  the  sea  trials 
contained  four  fibres. 
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During  the  manufacturing  process  it  was 
noted  that  the  central  and  interstitial 
fibres  Stiffen’d  high  attenuation  increments 
renderi  ng  t hem  unsuitable  for  evaluat  ion. 

The  design  of  the  reinforced  quad  was  how¬ 
ever  successful  and  in  both  the  land  and 
the  sea  trial  cables,  all  fibres  withstood 
quadding  and  subsequent  cabling  operations, 
with  atlenuat ion  below  G  dB/km  in  al 1  hut 
one  fibre.  This  other  fibre  at  12.7  dll/kr.' 
was  considered  unsuitable  for  trialling. 


CAULK  LAND  TLSTS 
Cyclic  Tension  Test 

Under  the  influence  of  ship  motion,  a  towed 
cable  will  he  subjected  to  repeated  axial 
loading  above  and  In' low  the  nominal  system 
drag  forces.  Using  the  loads  measured 
during  sea  trialling  of  a  towed  drogue  and 
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inat  tons  contained  within  suitabli  armour 
blocks.  Opt  ical  .'elect  r ical  pigtails  extended 
beyond  the  mechanical  terminations  at  each 
end  to  enable  performance  monitoring  during 
t  he  test  . 

The  test  sample  was  fitted  to  the  tension 
rig  by  means  of  anchorage  ropes  at  both 
ends.  This  enabled  the  cable  to  In-  hold 
completely  straight  and  avoided  standing 
turns  on  the  tensioning  winches  at  either 
end  of  the  test  bed.  The'  general  arrange¬ 
ment  was  shown  in  Figure  2. 

Prior  to  testing,  the  three  available  fibres 
(two  from  the  quad  unit  and  one  from  the 
centre  position)  were  examined  using  an 
O.T.D.R.  (Optical  Time  Domain  Ref  lee  tome  ter ) 
at  zero  load,  500  kgf,  1000  kgf  and  1500  kgf 
with  the  loads  being  sustained  for  at  least 
five  minute's  in  each  case. 

There  followed  a  low  load  cycling  phase 
intended  to  settle  the  armour  construction. 
This  consisted  of  100  loading  cycles  of 
sinusoidal  waveform  having  a  ten  second 
period  and  maximum  and  minimum  load  levels 
of  1000  kgf  and  500  kgf  respectively. 

Upon  completion  of  these  preliminary  trials, 
t he  cable  sample  was  subjected  to  the  desired 
test  conditions.  For  this,  the  period  was 
again  ten  seconds  but  the  maximum  load  was 
increased  to  1500  kgf  and  the  minimum  to 
1000  kgf.  The  cycling  proceeded  with  three 
fibres  continuously  monitored  by  O.T.D.R. 
analysis.  This  enabled  estimates  of  changes 
in  fibre  attenuation  to  be  made  over  the 
1000  tension  cycles  completed. 


Using  two  channels  of  optical  monitoring, 
loss  est  inales  were  obtained  for  one  quad 
fibre  and  a  loop  path  formed  by  the  other 
quad  fibre  anti  the  central  core  spliced 
together  at  the  far  end.  The  use  of  O.T.D.R. 
equipment  for  this  application  enabled  a 
constant  visual  display  of  localised  dlet-is 
along  each  fibre.  Also  obtained  from  this 
analysis  was  the  net  loss  for  each  opt ical 
path.  Since  this  figure  also  contained 
splice  losses,  only  t hi  changes  hate  been 
listed  in  Table  1.  These  are  assumed  to  lit 
derived  from  the  ft  tires  only. 

It  was  apparent  that  small  increases  in 
attenuat  ion  resulted  when  the  cable  was 
loaded.  The  distribution  ol  these  incre¬ 
ments  inferred  that  i hey  were  caused  by 
compression  ot  t he  armour  on  tin-  sheathed 
cable  cent ri .  From  the  magnitude  ol  the 
changes,  it  can  lie  concluded  that  tin  n.icro- 
hetidittg  induced  lit  the  central  posit  ion 
was  sign)  l  leant  1  y  higlur  than  within  the 
quad  unit  .  This  was  expected  since  i  In 
external  pel y  i  t by  1  cue  sheath  o\<-r  tin-  quad 
offered  additional  mechanical  buttering 
to  the  1  llll'cs. 

It  was  also  demonstrated  that  part  lal 
recovery  ot  the  fibre  slates  occurred  upon 
tension  release.  dome  residual  attenuation 
increases  wen  noted,  but  theta  were  small 
compared  with  the  values  at  maximum  applied 
load. 

Flexing  Under  Load 

For  the  optical  i u»  cable  to  function  satis¬ 
factorily  at  sea  ii  must  have  the  capability 
to  he  reeled  and  flexed.  This  follows  Iron, 
the  winches,  pulleys  and  guides  which 
facilitate  deployment  and  recovery  of  the 
towed  system.  Simulation  ot  tltis  action 
was  obtained  using  a  cable  reeling  machine 
which  had  been  lilted  w  i  t  It  a  pulley  ol 
appropriate  diameter.  The  load  applied  to 
the  cable  corresponded  to  the  maximum  pre¬ 
dicted  for  the  experimental  lowed  system. 

One  test  sample,  approximately  15  metres 
in  length  was  fitted  with  resin  cone  strain 
terminal  ions  and  armour  blocks  at  both  ends. 

1  he  sheathed  cable  centre  was  brought  through 
the  mechanical  termination  to  allow  optical 
monitoring  during  reeling.  For  this  purpose, 
a  series  link  was  made  of  the  three  functional 
fibre  cores  using  two  spl ices. 

In  order  t ha .  the  fibres  in  the  test  sample 
could  he  monitored  clearly  on  a  O.T.D.R. 
screen,  a  tail  was  spl iced  onto  one  end  to 
accommodate  the  input  pulse  launch  signature. 

Ihe  fully  prepared  tes-t  piece  was  sub.scqucn  t  1  y 
fitted  to  the  reeling  equipment  as  shown  in 
Figure  3.  This  had  been  prepared  with  a 
lest  pulley  of  similar  sl/r  to  tile  guide 
pulleys  intended  for  the  sea  trial  i.e. 
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11.7  5  metres  radius.  The  stroke  of  the* 
machine  was  adjusted  so  that  at  least  one 
metre  of  cable  passed  from  a  stra4  hi 
posit  ion  around  t  hi'  pulley  and  to  the 
opposite  straight  position.  Mach  machine 
cycle  consisted  ol‘  this  movement  and  the¬ 
re  t  u  rn . 

The  test  proceeded  in  I  wo  stages.  First, 
the  ruble  was  reeled  under  relatively  low 
tins  ion  <500  kgf)  to  confirm  its  bending 
capability.  Second,  a  load  corresponding 
in  the  mas i mum  expected  in  service  (1500  kgf) 
applied  and  reeling  undertaken  again. 

In  each  ease,  i he  reeling  rate  was  approxi¬ 
mately  3  5  met  res  »  mi  nut  <•;  similar  to  the 
•speed  of  the  winch  on  tin  trials  vessel  . 

Having  reach*  d  5000  cycles  under  the.se 
cer.d  i  t  tons,  a  small  number  of  reel  i  ng 
i  ye)*  s  under  a  higher  tension  wen-  included 
lor  i n\ i  - t  iga t  i v e  purposes.  The  maximum 
loud  applied  in  this  analysis  was  3200  kgf 
which  i  •  p* 'tided  to  the  'In  mV'  nal 
f?.ax  :  work  nig  .'train  *»t  h.35  . 

Si  nee  tin  i  ital  I .  ng:  h  **t  tin  ’lire*  mw  cubit 
I  ;  hi''  '  ) ::  -«  r  i  *  •  wa  -  in  t  mi!  1  ich  nt  t  o  pro- 

dim  a  si!  l.'lii.inr;,  lue  k  ~ca  t  t «  i  tract  on 
a  t  T .  i ' .  K .  ,  tii-  ir  ‘otr.hir.ed  at  i  rituat  ion 
p»  rl'-rmanc'  «-"uJd  riot  !*♦  monitor*  *1  with 
a:.  :e  *  •  }  table  d<  gr*  •  ot  a<*curac\  .  IloWev*  r, 

•h»  t).1.  i'.I;.  pa'  t*  r:.  wa>  us*  *1  to  confirm 

*  »p  ■  ;  *  a  i  *••■/??;  nu  ;  M  a/:d  id  Mj»  *\*r'  el  a 

I  <  i * i  ak  w  »u  1  d  hav «  i**  •  r:  ab  1  *  t .  •  i  d*  n  t  \  I  y  *  in 

*  *j  *  :  >  a  1  path  a  *  t  au  l  t  . 

\’  intervals  throughout  t  h  <  r*  *  ling  pr*  *gra!:.!:..  , 
Mi*  back  *att,r  t  rac*  wa  regenerated  !>• 

*  h»  *  i.  Ml*  ! '  «  g r  .  •  \  of  t  h*  111 *n  link.  A t 
i\"  t  i  fit  during  Me  10  0  low  t. «  to-  i**n  cycle  , 

■ 1  iii'ti  towing  *  ens!*>n  eve  1 « ■  s  or  1«'0  cycles 

at  oo  kgl  « 1 1  el  till'-,  pa  t  i «  rn  undergo  sign)- 
t  le  ant  i  hangc  .  Ih  prudiii-t  ion.-  of  t  h* 

M.'lji.i;.  «  u 1  pul  s  obtain'd  before  ami  alter 
the  .»ooo  r\<  }<  -.  at  1500  kgl  an  provided  in 
I  i  go  r»  1.  Tins*  demonstrate  that  no  mea¬ 
surable  d*  t*  rmrat  mu  occurred  mi  any  <*1 
tie  f  ;  b  r*  «  <  -  res  . 

rile  absence  "I  !in\  optlial  failures  suggest  td 
fhar  the-  fibres  u<  r<  adequately  p?-<*i<<  r  «  <1 
from  crusiiing  f**rri>.  within  the  tow  cable  . 
I'lirth*  r,  it  confirmed  that  the  radius  of 
niruif  un  of  rh<  helically  laid  fibre.-.-  was 
appropriate  lor  this  mode  of  opera!  ten. 

Oth*r  than  consolidating  the  fundamental 
lie  sign  principles  used  fen-  construction  of 
the  tow  cable  ,  no  further  informal  mn 
i  si'li  as  performance;  nmld  hr-  grim**!  from 
111*  n  sill  I  s  of  the-  lest,  du«  te,  th<  P-st  ric- 
i ion  on  sample  length  which  prevented 
accurate  loss  measurement. 

Loud  Ye  rsus  IMongat  mn  and  f  1  t  imate-  breaking 
Sj  !'•  ! i g  t  h  *  ~  ”  "  ’  “  ^ 


The  tensile  characteristics  ol  the  tow 
table'  needed  t  o  be-  fully  understood  prior 
to  the  sea  trials  to  determine  the*  strain 
which  would  be  induced  during  towing.  In 
addition  it  was  necessary  to  confirm  the. 
theoret  iral  value  for  breaking  load  to 
ciisun*  adequate  safety  over  the  proposed 
maximum  working  load. 

To  suit  the  tensile  test  equipment,  a  seven 
metre*  sample  was  fitted  with  resin  cone 
strain  terminations.  These  were  identical 
in  design  to  the  wet  end  strain  terminations 
for  tlu*  sea  trials  cable.  The  chosen  dimen¬ 
sions  e > t  th<  armour  blocks  enabled  inie-rlae  * 
between  the  strain  term  mat  mn  and  the 
standard  shackles  of  the*  I  <-st  oqu  i  pm«  lit  . 

The  sample-  was  tensioned  slowly  up  te.  h.l 
t  untie -s  with  measurements  e>i  dium«  i<  r  aim 
a  marked  r*  te  re  nee  length  taken  at  1  t<»nr.* 

intervals.  Th<  results  1  mm  the  lattei 
were  compand  ie»  ih*  vulu*  at  ti.5  t<>nn*e 
t<*  obtain  re  liable  extension  figure-. 

At  th*  3  and  0  mmi*  levels,  th*  sample 
wa;  re  1  ax*  *1  and  r«  t*  1 1  s  1  *  •  1 1 «  d  twenty  t  i  n.«  :■ 
t  o  test  t  h*  ope  rat  mu  . .  I  »  h  st  ra  Mi  t<  r- 
mat  ions.  Above*  0  i  *»nn*  s  no  physical 
t::e  a :  u  re  rn*  n  t  w*-r»-  allowed  tor  sal*  ty  r*a-  •  . 

Th*  t  •  -n  s  i  -  >ti  was  gradually  mere  a  ed  up 
tin'll  u  1  '  i  mn  t  *  -  ns  i  1 .  •  la:  hire  •  •<  <  u  r  r*  <i . 

lhe  me  a  ii  re  *1  1  >  »ad-s »  rain  »  ha  rac  t  •  r  l  .*.  t  i '  s  , 

in-'  p  1  ■  >t  t  e  d  m  1  i  gu  i*e  5  . 

I  1  t  i n.a  i  •  ■  tensile-  b r*  akag*  lor  t  h *  samp  1  • 

was  i  ns  t  an  »  a  tie  ous  •  i  .«  .  all  w  i  f.  -  t  a  ;  1  i  ng 

tuge*the  r-  at  3U  t  *  j  n  i )  *  ■  s  .  The  «*al*l*-  br*ak 
wa.-  1*  ua  ted  at  Mi*  entry  '>1  <>n*  strain 

I I  ■  rni  mat  ion  at  th*-  apex  of  Mi*  it  s  mi  coin  . 

Th<  load-elongation  results  inferred  that 
i  lie •  ii.'JA.  maximum  working  strain  would 
occur  at  approximately  3  mini'  s  cabl* 
tension.  Tills  was  also  verified  a.-  a  ml- 
workmg  level  compared  with  tin  ult  unite 
breaking  strength  of  tin  cable  ‘tin  t  h*  u- 
r*  t  i  c;i  My  pn  dii-i  d  va  1  u  *  .if  U  l )  t  on  i:»  )  , 

SKA  FH  1  A  1,5  KkPOKl 

Ikn  kg  r.  unul  1  n  forma  t  i « *n 

Trials  p«  i  n»*l:  3>M  h  .lanuary  ie»  5th  1'bruarv 

ll>Sd 

I  ue  at  ion:  Med  i  t  *  rran*-an  Sea  <  **11 

<  i  i bra  liar) 

Trial*.  Vessel  :  T.M.A.S.  Auricula 

5\  S  t  *  m  lie  S  *  TUI  1  |,  .  II 

Th*  toiud  system  ruii.s  i  sf  nl  of  an  optical 
s  i  gna  I  t  ran  sin  t  t  t «  r  e  <  m  t  a  i  in  *1  within  a 
protect  i  v  e  metal  pod  connected  mechanically 
te-  th<-  r.xp*  rinie-ntal  row  cable-.  The  cable 
carried  *  -l*-cirical  pe»wi-r  i  •  •  t  h«  I  ran  sin  i  1  t  e  r 
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and  optical  signals  back  to  tho  shipboard 
receiver.  The  optical  power  levels  sensed 
at  the  receiver  wort*  converted  into  voltage 
outputs  which  were  fed  to  a  laboratory  via 
a  multicore  deck  cable.  In  this  way  the 
losses  introduced  by  the  optical  cores 
within  the  tow  cable  could  be  monitored 
during  towing.  Diagrams  of  this  arrangement 
are  shown  in  Figure  t>  and  7. 

The  Fibre  Optic  Cable 

A  573  metre  length  of  armoured  tow  cable, 
as  described  above,  was  used  for 
the  sea  trial.  It  contained  three  opera- 
t  lonal  fibres  within  the  quad  unit  plus  one 
fibre  displaying  high  attenuation  <>10  dli / 

Km i .  This  was  assumed  to  be  an  operational 

element  tor  investigative  purposes,  but 

was  not  exported  to  endure  the  towing  trials. 

able  Te rm i na t  l ons - The  Towed  Pod 

.'he  libre  Optic  Tow  Cable  was  mechanically, 

*  lectrically  and  optically  terminated  witiun 
* h«  cylindrical  instrumentation  pod,  seen 

■  liguri  S  .  I  t  steel  wire  armour  was 

*  *  nr. mated  using  the  potted  resin  cone 

*•  hniqu*  which  had  previously  been  vali- 
:.i'*d  by  tonsil*-  testing.  A  proof  load 
t  *  .  c  t.»nms  was  applied  t*>  'he  strain 
'•  r-.mat  ton  within  its  housing  as  part  <>t 
Me  as-*  mb !  \  proto  dur*  . 

i\'«  m  r  '  t  h*  strain  termination  housing 
a  a  tie  moulded  u  r*  than*  b*nd  restrictor, 
h.  ;  •  r*-dui  ♦  ti  Mi*  binding  radii  about  ?  h* 
•rum  eon*  and  ;  r-'t-'i  ini  the  cable  in  t  h  i  - 
!’•  s  i-  -n- 

•'  a  *  •  r  r,*-t  raf  i**r.  t  r.  t  *  •  t  h*  instrumental  i.u* 

I  • 'd  a;i  pr*\«nt**i  by  'h*  use  of  double  'O' 

-*  a  ]  s  on  a',!  ratal  natal  surfaces  and  a 
"»'U  id*  at  i  "l!;ir  or.  the  cab  I*  inner  sheath, 
ihi-  collar  was  s.  a* •  d  in  a  watertight 
h*  u  ing  and  thus  piv\*  ni  *  •!  Mi*  mgr*  ss  of 
w  a '  -  r  ir.t*»  the  inner  sh«ath. 

Inside  '  h*  water  tight  <  compartment  ot  the 
p'd  was  r  h*  optical  '  ransn  i'  irr  mu  .This 
**»ntained  t  h«  butt  joint  connectors  which 
ace  *  p  t  ♦  ii  t  h»  terminal  id  fibrts.  Th»  wh*-l« 

■  ra  to.H.  i  f  t  *  r  wa-  t  1  amp*  d  against  t  h«  in-  id* 
•urtaee  of  tie  pod  to  pr*  vent  mt*\rm»  nt 
whilst  ii  .w  i  ng  . 
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I'ransm  i  t  t  or  /'  Ren  ■  i  v  e  r  Pa  i  r 

Th*  transmitter  and  receiver  pair  were 
designed  and  built  for  the  towing  trial. 

The  i  r  primary  tuner  inn  was  t*»  enable  contin¬ 


uous  monitoring  of  optical  losses  within  the 
tow  cable.  The  system  also  included  circuitry 
to  transmit  and  decode  information  on  the 
depth  of  the  cable  termination. 

The  wet  end  transmitter,  powered  via  the  tow 
cable  contained  five  I.KD's  producing  amplitude 
modulated  light  at  850  nm  wavelength.  The 
modulation  frequency  was  fixed  fur  the  four 
channels  involved  by  simple  power  monitoring 
and  controlled  by  the  pressure  transducer 
output  in  the  fifth  channel. 

Th*-  receiver,  mounted  on  th*-  shipboard  winch, 
contained  five  PIN  diodes  which  sensed  optical 
signal  outputs  from  the  operational  fibre 
cores.  The  outputs  from  t  h*-s«-  devices  wire 
amplified  and  their  peak  levels  measured  t<> 
obtain  voltages  which  were  proport  lonal  to 
tin-  maximum  power  levels  received.  The 
receiver  also  included  circuitry  t<>  decode 
th**  depth  information.  An  analogue  voltage 
output  represented  this  parameter  in  addition 
t.»  the  four  digit  display  visible  on  t he 
outside  of  the  receiver  casement. 

Tow*  d  Drogu*  and  Tail 

Since  safety  legislation  had  precluded  the 
us*  of  a  weighted  towed  body  to  generate 
the  required  back  tension,  it  was  necessary 
for  A.K.i.(S)  to  supply  a  drogu*  which  would 
radically  increase  the  drag  forces  *  *n  th*1 
system.  During  separate  trials  <*n  th* 
drogu*-  to  test  its  stability,  back  tensions 
ot  \  Nutt  kgl  had  be  in  recorded.  However, 
this  analysis  had  only  been  undertaken 
with  a  short  length  of  steel  wire  rope  so 
it  was  expected  that  speed / t ens ion  charac¬ 
ter  1st  ics  would  b«  different  whin  used  with 
t  he  opt  i  v  t  oft  cabl  *• . 

To  aid  steady  passage  ol  the  pod  and  drogue 
whilst  towing,  approximately  100  metres  of 
rope  tail  was  attached  to  the  towing  eye  on 
the  pod  and  threaded  through  t he  centre  of 
the  drogue.  This  not  only  improved  stability 
whilst  towing,  but  also  r rented  a  small 
hack-tension  on  the  system  prior  to  immer¬ 
sion  «*f  t  h»*  transmitter  pod.  This  helped 
t«*  k*  *  p  the  p*»d  and  cable  in  1  in*  during 
dep 1 oymen t  . 

The  Cable  Handl ing  System 

Th*  tow  cable  w  is  contained  on  th*  shipboard 
winch  drum  occupying  approximately  on*  and 
a  half  layers  when  fully  recovered.  Its 
inner  end  .as  passed  through  an  exit  in  the 
drum's  flange  etui  clamped  into  a  convenient 
posit  ion  for  connect  ion  to  th*-  opt  i«  al 
r<  ♦  iver  (  h  i  gu  r*  9  ) . 

In  th*-  outboard  passage  of  the  cable  from 
tie*  drum,  t  h*  cable  first  rounded  t  he  guide 
pulley  to  ih«  rear  of  t he  winch.  The  force 
on  this  pulley  was  sensed  by  pressure  trans¬ 
ducers  attached  to  its  f  ram* -work.  Tli  1  s 
provided  a  m*-ans  of  monitoring  cable  tension 
a t  any  time  during  deployment,  towing  or 
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recovery  . 

The  cable  was  then  deployed  from  an  elevated 
guide  pulley  which  was  supported  by  an  A 
frame  at  the  stern  of  the  trials  vessel 
(Figure  10).  This  could  be  pivoted  seaward 
to  facilitate  safe  immersion  of  the  towed 
system.  The  guide  pulley  was  suspended 
from  the  framework  by  an  arrangement  of 
orthogonally  pivoted  sub-frames  which 
allowed  free  movement  in  all  planes.  A 
counter-weight  positioned  above  this 
arrangement  ensured  that  the  pulley's 
weight  would  not  dictate  the  cable  position. 

1  list  rument  at  ion 

The  electrical  outputs  from  the  w 1 nch -moun t ed 
optical  receiver  were  carried  to  tile  trials 
laboratory  via  a  multicore  deck  cable. 

These  wt re  monitored  using  calibrated  chart 
recorders  provided  by  A.H.K.iSl. 

In  a  similar  wax,  outputs  from  the  ship's 
winch  and  a  towed  log  allowed  cable  tension 
and  ship  speed  to  be  recorded  alongside  pod 
depth  anil  optical  losses. 

Since1  all  unfa  1  red  cables  strum  when  towed 
dtp  to  vortex  shedding,  the  amplitude  and 
1 fequency  wen  measured  by  accelerometers 
in  inched  to  the  cable  in  the  x,  y  and  /  axis. 
This  informal  ion  was  recorded  tin  magnetic 
tape  to  allow  subsequent  computational 
analysis. 

The  Trials  Programme 

Since  no  previous  sea  I  rial  had  been  under¬ 
taken  by  the  Royal  Navy  using  a  dynamic 
fibre  opt  i c  strain  cable,  the  proposed 
towing  programnu  reflected  the  need  to  gain 
performance  data  ever  a  wide  range  of 
conditions.  It  was  agreed  between  A.K.F.iS) 
and  STt  Itefence  Systems  that  trialling 
should  consist  of  a  series  of  confidence 
Winning  exercises  applying  slightly  mure 
stringent  conditions  each  time. 

lor  this  reason,  initial  work  consisted  of 
Straight  line  lowing  under  relatively  low 
loads.  Speeds  were  gradually  increased 
thereafter  to  monitor  the  effects  of  higher 
tensions  in  t he  cable.  This  was  continued 
up  to  the  cable's  maximum  working  load. 

After  consolidating  the  cable's  performance 
at  high  speeds  and  its  recovery  u;  in  return 
to  lower  speeds,  ship  turns  were  attempted. 
These  were  designed  to  test  the  ability  of 
the  cable  to  be  detensionsed  and  rctcnsioned 
over  a  rel at  ively  short  t  ime.  First  90° 
course  changes  were  implemented  at  various 
speeds,  1  hen  the  more  severe  180°  turns  were 
under! aken  . 

As  a  consequence  of  the  cable's  ability  to 
survive  this  treatment,  the  provisional 
Towing  Trials  Plan  was  exceeded  in  cable 


tensions  and  ship  manoeuvres. 

Straight  Line  Towing 
Preliminary  Trial 

Before  immersion  of  the  transmitter  or  move¬ 
ment  of  the  cable,  the  system  was  activated 
on  deck.  This  confirmed  satisfactory  oper¬ 
ation  of  the  three  active  optical  channels 
and  a  very  low  output  from  the  defective 
fibre  (the  gain  of  the  receiver  amplifi¬ 
cation  had  been  maximised  for  this  channel). 

The  deck  cable  was  then  disconnected  to 
allow  approximately  200  metres  of  cable  to 
be  deployed.  Using  this  short  tow  mode, 
the  operation  of  all  monitoring  systems 
was  checked.  It  was  noted  that  after 
energising  the  system  a  stabilisation  period 
was  necessary.  This  was  believed  to  be  a 
i'esul'  of  change  in  ambient  temperature  of 
the  transmit  ter  from  the  deck  stowage 
position  to  the  towing  mode. 

There  followed  an  increase  in  ship  speed 
from  4  to  6  knots  under  gentle  acceleration 
and  then  a  return  to  1  knots.  This  was 
repeated  to  qualify  the  output  from  the 
towed  log  and  to  compare  its  value  with 
the  display  of  ships  speed  obtained  from 
propel lar  rotation  and  pitch.  The  equip¬ 
ment  was  shown  to  be  functioning  reliably. 

During  this  sequence  of  speed  changes,  it 
was  first  noted  that  instantaneous  changes 
in  optical  power  output  accompanied  the 
change  in  cable  tension.  This  occurred  on 
all  channels.  Also  a  feature  of  this  first 
towing  run  was  the  intermittent  output  level 
changes  from  the  defective  fibre,  suggest  ing 
a  flaw  or  discontinuity  in  the  optical  path. 

Upon  recovery  of  the  cable,  pod  and  drogue, 
the  system  was  re-activated  to  check  the 
fibre  outputs.  These  returned  as  before, 
bui  were  again  subject  to  a  stabilisation 
period. 

Operation  Verification  Exorcises 

To  further  test  the  performance  capabilit  les 
of  the  lowed  system,  the  above  procedure  was 
repeated  wi.h  the  maximum  towing  length. 

This  corresponded  to  approximately  430  metre 
ol  submerged  cable,  approximately  40  metres 
through  th  1  cable  handling  system  and  100 
metres  remaining  on  the  winch  was  standing 
turns  (this  number  was  reduced  for  subse¬ 
quent  towing  runs  to  change  the  tow-olf 
pus  i  t  ton  i  . 

Speeds  were  changed  over  the  range  2.8  to 
8.0  knots  with  particular  interest  paid 
to  the  recovery  of  optical  power  outputs 
upon  return  to  the  lower  speeds.  The 
changes  were  again  shown  to  be  coincidental 
with  tension  change  and  appeared  lo  have  no 
net  degradat lona 1  effects  on  fibre  perfor- 
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mane*  .  ;u  tu!ii|'an\  in^  I  h  o  speed  changes 

w,  re  the  pr*  d  if  t  al>  1  »•  vanai  ions  in  pod  depth. 
Keproduc  ihU-  \alu*s  w*  re  obia  nifd  tor  similar 
■’h  1 p  >)>«■«  ds  . 

Towards  *  lu-  latter  part  of  t  h  i  s  phase  <d 

work,  tltr  sou  iHindn  lon.s  deteriorated. 
Accompany  1  ng  the  ship  nii)\*‘mmi  in  3  -  3.5  m 
10  -  112  t  i  .  i  swell  were  «>sc  illations  in 
table  tension.  As  an  analogous  el  feet  to 
■h *  speed  change  this  phenomenon  also  pro¬ 
duced  cyclic  variat  i«>ns  in  opt  leal  power 
outputs.  The  p*  ak  tension  reached  by  the 
compounded  e  t  1’Ti  .'1  high  >p«’ed  and  larp- 
swt  11  was  U .5  tonnes. 

*1 1 *  inclement  I’otidn  puis  also  mad*  recovery 
el  the  towed  p<»d  considerably  mor*.  hazardous. 
Not e  was  made  that  upon  breaking  tin  surface 
ot  tin  s»a,  »he  pod  t  end*  d  to  pivot  about 
a  point  be  \  oiul  the  cable  bend  rrM  rictur, 
iliis  'Miggesi.d  that  a  !"tip  r,  t,  {.scop'd 

i'  t  i  ■  »n«  d  bend  t'i  s!  !,:i,inr  would  have  1m  •  n 
r.i  *r*  pr*  *t  i  cl  l  v  <  . 

‘•.T.D.K.  Analysis 

M  t  hough  the  loss  levels  !:,i  asiuv.i  by  tin 
.  \  t  .  rii 1 receiver  did  not  predict  --lgnili- 
>  at;’  deti  ■  norat  ton  m  any  *t  t  h«  ft  hr*  s , 
i  1  was  »•> >n s  i  de r*  <i  advisabl'  t«»  anaiv.-* 

Mi*  i  r  backseat  :  <r  »*lia  rac  t  e  r  i  s  t  i  c  s  at  Mils 
point.  Icing  a  o.T.D.K.  t  rac*  s  ;u.iv  obtain,  d 
lor  all  Mi  ret  "pri’ai  nmal  tibr-s.  :,«*n* 
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During:  this  prolonged  period  <d  straight 
line  towing,  an  analysis  of  cabl*  strumming 
was  made.  An  accelerometer  was  attached 
to  th*-  cable  above  the  water  1  in*  and  pos  i - 
l ioned  * >n  a  nodal  point  of  the  observed 
oscillation  (figure  11).  Lightweight  instru¬ 
mental  ion  wire  was  used  to  carry  voltage 
outputs  1  rotn  th*'  sensor  t  o  the  laboratory 
chart  recorders.  The  three*  outputs  corres¬ 
ponding  to  amplitude  in  three  axis  were 
displayed  next  to  i he  recordings  *  *  t  optical 
on i put s . 

Whilst  there  appeared  n>.  common  trends.  Mi* 
magnitude  ol  oscillation  was  slightly  l*s.- 
t han  that  expected  lor  deep  surlace  lowed 
systems,  This  was  a  eonsequetice  of  h< 
sha  1  1  * »w  towing  ang l *  . 

Siraighi  1  in*  Towing  wiih  Add  it  i«»nal  Tow,  d 
Wei gh  t 

In  an  <  i  j.,]- 1  to  induee  strumming  with  a 
greater  amplitude,  a  5U  kg  "bomb"  was  shack¬ 
l'd  to  Mr  pod  lowing  i  y*  and  the  sysi « m 
deployed  lor  further  straight  towing. 

Although  th*-  l»*»mb  did  not  have  a  signili- 
*atn  «(i'c«  upon  t  h*  towing  depth,  it 
seemed  to  ItUTellS*  tile  amplitude  *  -  f  VlbfU- 
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iul  I  iei.nl  *  *  >n  1  j  d«  tic*.-  ol  the  ruble's  dura¬ 
bility  had  been  gained  to  allow  H U °  ship 
turns  using  t  lie  lull  towing  length.  The 
nut  ur*  cl  tin  turns  was  varied  by  select  ion 
ot  di  Herein  pe*  ds  and  rates  of  turn. 
However,  ii  was  soon  established  ihat  a 
comhinut  ion  at  low  speed  and  wide  turn  was 
undesirable  because  « » t  the  stiffness  m 
Mu-  guide  pulley's  orientation  system, 
buder  i  he>.e  eondH  ions  the  <.  ab)e  had  a 
t*nd<ney  t  ■  ’  ride  up  *>v<  r  tin  pulley's 
t  lunge.  Comers,  iy,  tin  limitation  of  th*' 
sharp  turns  was  tit*  lateral  deflect  ion  <  >  I 
th*-  pulley  within  t  It*  A  frame. 

A  consistent  pattern  emerged  tor  all  turns 
regardless  <>i  s*\*  nty.  i  ri*in  the  moment 
th*  ship  commenced  a  change  ot  course,  the 
calif*-  tension  would  start  to  relax.  This 
would  cans*  an  increase  in  received  opt  ical 
powi  r  *  i  .  <  .  a  redu*  ■  t  i  on  in  re  I  a  t  i  v  i  a  t  t  eit- 
uat  nun  on  all  three  channels.  The  of  led 
would  rent  nine  uni  il  the  end  «>1  the  m  rn 
when  j  h*  return  io  a  lixed  course  would 
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cause  the  cable  tension  to  recover.  Optical 
power  outputs  would  then  return  to  their 
steady  state  values. 

The  relaxation  of  cable  tension  through  the 
turn  also  caused  the  tow  cable  to  sink  in 
the  water.  Since  the  depth  gauge  was 
located  at  the  extreme  end  of  the  cable 
the  depth  changes  recorded  by  the  receiver 
always  lagged  i he  changes  in  tension  and 
optical  attenuation. 

The  cumulative  effect  of  a  series  of  90° 
turns  to  port  and  starboard  with  up  to  90° 
of  helm  is  recorded  in  Figure  15.  It  should 
lie  noted  that  Fibre  No.  9  |ias  been  chosen 
since  it  represented  the  most  extreme  case. 
Also,  the  time  axis,  has  been  used  to  repre¬ 
sent  the  order  in  which  the  turns  were  made 
and  not  'he  dural  ion  of  each  turn.  An 
important  feature  to  note  in  Figure  15  is 
tlte  pi  ak  tension  recorded  during  high 
speed  lowing.  The  3.7  tonnes  reached  repre¬ 
sents  a  cable  si  rain  in  excess  of  U.3;. 

‘ as  predicted  from  the  land  Testing'. 

Imi0  Ship  Tunis 

Following  a  similar  procedure  to  i he  above, 
i  !ti  towed  system  was  subject  ed  to  1X0° 
turns  under  a  range  of  speeds  and  rales 
ol  i urn.  Predictably,  the  longer  turns 
wen  accompanied  by  greater  changes  in 
cable  tension,  fibre  losses  and  pod  depth 
although  optical  power  outputs  of  all 
three  channels  returned  to  their  start  i ng 
values  upon  return  to  the  steady  state 
re f e retie,  eottdi  t  ions  . 

To  l  I  Inst  rale  the  ef  fe<  t  ol  a  seven-  1X1.1° 
tni'ii  i  at  knots  and  with  15°  ot  helm)  the 
relevant  paramet.  r>  have  been  plotted 
with  reference  to  t  i me  in  minutes  I  rum 
Mu  start  of  the  manoeuvre.  Figures  lb  - 
lk  show  the  sequence  for  all  three  fibres. 

O.T.D.K.  Analysis  1'uring  Towing 

Having  completed  an  extensive  set  of  ship 
manouvres  whilst  loss  measuring  oil  all 
channels,  the  final  phase  ot  the  allot  ted 
trials  period  was  dedicated  to  O.T.D.K. 
analysts  during  lowing.  This  endeavoured 
to  dele  rm  i  m  •  i  In-  distribution  of  all  ettua  i  ion 
increase  over  each  I  tbr.  in  i  lie  towed  cable 
and  to  make  certain  that  the  measured 
ineri  as.  s  derived  from  tit.  fibres. 

From  this  analysts,  it  was  necessary  to 
disconnect  i  lie  optical  inputs  from  tit. 
receiver  in  order  to  across  one  end  of  each 
f  i  li  ri  -  w  i  t  h  i  he  ().  T .  b  .  K .  test  si  •  t  .  Traces 
were  then  obtained  for  each  fibre  while 
l he  cable  was  in  a  steady,  straight  line 
towing  state.  The  procedure  was  repeated 
for  diflerent  speeds  to  further  investigate 
p  ft  v  loti:.  I  y  observed  trends. 

In  each  ol  tin  backseat  t  or  patterns  it  was 


apparent,  that  an  increase  in  attenuation 
was  occurring  within  the  fibre  link  and 
was  distributed  over  the  whole  of  the 
towed  length.  The  attenuation  estimates 
obtained  are  listed  for  the  various  speeds 
in  Table  2.  This  also  shows  the  values  ol 
attenuation  estimated  with  the  cable- 
recovered  onto  the  winch.  Care  must  be 
taken  in  comparing  this  information  with 
the  earlier  values  since  the  cable  tension 
was  subject  to  variation  during  recovery. 

This  was  a  consequence  of  the  ship  motion 
in  rough  sea. 

Cone  1  us i ons 

The  sea  trial  demonstrated  that  optical  fibre 
components  c-an  be  included  in  steel  armoured 
mul t imorc  dynamic  strain  cables  and  function 
satisfactorily  in  the  lowing  mode  environ¬ 
ment  .  The  ability  of  the  fibres  to  survive 
load  cycling  and  flexing  follows  from  ill. 
measures  taken  during  cabling  to  provide 
adequate  protection  and  to  minimise  tin 
strains  induced  by  each  process. 

liy  monitoring  tin-  levels  of  optical  power 
output  front  the  towed  cable,  it  was  possible 
to  deled  changes  of  fibre  state  correspon¬ 
ding  with  different  towing  conditions.  The- 
measured  increase  in  attenuation  followed 
directly  increases  in  cable  tension  and  arc 
thought  to  be  caused  by  the  additional 
compression  of  the  armour  on  the  opt o-elecl r n 
centre.  I'pon  release  of  the  higher  tensions 
back  to  a  reference  level,  it  was  found  that 
the  fibre  out  put. s  generally  recovered  to 
their  original  values,  inferring  minimal 
net  deleriorai  ion.  As  the  converse  of  t  It  i  s 
c.md  ti  ion,  it  was  discovered  that  tlu. 
reduel  ion  in  cable  tension  during  ship  turns 
caused  a  temporary  recovery  in  the  optical 
power  received  i.e.  the  in icrobend l ng  was 
reducing  by  removing  ihe  compression  forces. 

Further  verification  of  the  nature  ol  the 
loss  changes  was  provided  by  the  backseat t<  r 
patterns  of  each  fibre  during  lowing.  Tins, 
indicated  distributed  increments  along  t he 
lowed  length  and  did  not  suggest  the  presence 
ol  localised  defects.  O.T.D.K.  analysis 
made  after  tin  sea  trials  confirms  that 
loss  increases  measured  during  towing 
were  fully  recoverable  upon  relaxation  ol 
the  cable. 

Regarding  tlu  effects  of  low  frequency 
strumming  upon  fibres,  no  certain  conclusions 
can  bo  drawn  from  tlu-  data  obtained  since 
ihe  amplitude  ol  vibrai  ton  was  not  repre- 
s.nial  t  vi  of  standard  towed  array  systems. 

Ov  i  ■  l  a  1  1  Hi  -v  i  ew 

The  design  and  manufacturing  evaluation 
i -si  all  1  i  shed  that  optical  fibres  can  be 
laid  up  in  a  low  cable  provided  they  are 
rugged iscd  and  laid  up  in  a  manner  to 
resist  e rusing  forces  i i.e.  quadding  or 
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with  good  bedding). 

The  land  trials  proved  that  the  suitable 
optic  fibre  elements  in  the  cable  should 
be  able  to  withstand  all  the  rigours  of 
sea  deployment  and  operation,  and  this 
was  confirmed  by  the  extensive  sea  trials. 
The  success  of  the  trials  reported  have 
encouraged  further  demanding  sea  trials 
to  be  carried  out  during  Summer  1987  with 
the  existing  cable  and  a  programme  of 
work  to  design  and  manufacture  a  more 
advanced  cable  has  been  commenced. 


in  design  of  hull  outfit  domes,  directing 
gears,  etc.,  for  various  ship  and  submarine 
sonars.  'Vith  the  advent  of  Admiralty  Under¬ 
water  Weapons  Establishment  in  1965  he  started 
work  on  the  Joint  U.S./U.K.  HUS  Matapan  Sonar 
Project,  until  culminating  in  the  early  trials 
in  1973.  From  1973  to  1979  he  led  a  design 
team  working  on  various  Sonar  Projects  from 
Butec  Range  Work,  Sonar  Buoys,  Shock  Effects, 
etc.  From  1979  to  present,  he  is  responsible 
for  strain  cable  research  and  cable  handling 
systems  involving  design  test  and  sea  trials. 
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Summary 

Loiig-haul  optical  fiber  submarine  cable 
systems  are  expected  to  perform  a  major  role  as 
large-capacity  international  digital  transmission 
lines.  Ib  realize  these  systems,  it  is  essential 
and  has  to  be  verified  that  the  cables  have  high 
reliability  and  long-term  loss  stability  of  more 
than  25  years. 

In  this  paper,  the  high  reliability  and 
long-term  loss  stability  of  mass  produced  optical 
fiber  submarine  cables  were  confirmed  through 
temperature  variation  and  mechanical  stress 
tests,  transmission  loss  measurements  during  and 
after  the  manufacturing  process,  and  one-year 
high- temperature  loss  change  test  and  loss 
stability  test.  Measurements  after  a  trial  lay  of 
a  short  haul  cable  system  on  the  sea  floor  of 
8,200  m  depth  was  also  performed.  The  maximum 
transmission  loss  increase  of  the  cables  after  25 
years  was  estimated  to  bo  less  than  C.5  dB  per 
repeater  spacing  of  53  lor,. 


1  Introduction 

KDD  has  developed  OS-280M  optical  fiber 
submarine  cable  system  using  1.3  pm  wavelength. 

1  •  ^  Tli is  OS-280M  cable  system  is  scheduled  to 
lie  used  as  part  of  the  Third  Transpacific  Subma¬ 
rine  Cable  (TPC-3)  which  is  to  be  ready  for  1988. 
Prior  to  the  installation  of  TPC-3,  KDD  performed 
a  conmercialization  tost  of  the  system  of  about 
300  km  in  total  system  length  with  6  repeaters  in 
order  to  verify  mass  producibility ,  characteris¬ 
tics,  high  reliability  of  the  cables,  repeaters 
and  other  plants,  and  overall  system  performance. 
In  1986,  the  system  was  laid  in  the  Pacific  Ocean 
including  the  Japan  Trench  of  8,200  m  depth  ar.d 
was  landed  at  Chikura  Cable  Landing  Station.  It 
was  the  first  time  in  the  world  that  optical 
fiber  submarine  cable  was  laid  in  sea  depth  of 
8,200  m.  The  performance  of  the  system  and  trans¬ 
mission  losses  of  the  cables  have  been  measured 
and  good  results  have  been  obtained. 

This  paper  verifies  the  high  reliability  and 
long-term  stability,  as  well  as  mass  produci¬ 
bility  and  characteristics,  of  manufactured 
optical  submarine  cables  about  350  km  in  total 
lenath . 

To  verify  the  high  reliability  and  long-term 


stability  of  the  cable,  the  following  measure¬ 
ments  and  tests  were  performed; 

1.  Optical  characteristic  measurements  of  each 
cable  at  each  manufacturing  process  from  the 
beginning  of  the  manufacturing. 

2.  Temperature  variation  and  mechanical  str  ;s 
tests. 

3.  One-year  optical  transmission  loss  change 
tests 

(1)  High-temperature  test;  cable  was  put  in 
high-temperature  (80°C)  bath. 

(2)  loss  stability  test;  cable  was  set  in  an 
environment  of  temperature  of  3"C  and  water 
pressure  of  800  kg/cm  . 

4 .  Optical  transmission  loss  measurements  after 
the  trial  lay  of  the  OS-280M  system  of  about 
300  km  in  total  cable  length.  The  trial  lay 
included  lay  at  the  Japan  Trench  of  8,200  m  in 
depth. 


2  Structure 

The  following  ten  pieces  of  optical  subma¬ 
rine  cables  were  manufactured  for  the  carmercial- 
ization  test  of  the  OS-280M  system;  4  pieces  of 
53km  cable,  2  pieces  of  40km  cable,  3  pieces  of 
15km  cable  and  one  13km  cable.  All  the  cables 
were  manufactured  in  single  cable  lengths  without 
jointing  box.  Table  1  shows  the  principal  design 
parameters  of  the  OS  cable. 

2.1  Optical  Fiber 

The  optical  fiber  is  a  high-strength  mono¬ 
mode  MCF  manufactured  by  the  VAD  process.  The 
fiber  has  a  mode  field  diameter  of  approximately 
10  urn  and  a  specific  refractive  index  difference 
of  approximately  0.3.  To  protect  the  optical 
fiber  a,x3  to  suppress  the  generation  of  micro¬ 
bending  due  to  temperature  variations  and 
mechanical  distortions,  the  fiber  is  coated  with 
ultraviolet  (IV)  cured  and  nylon  resins.  The 
outside  diameter  of  the  coated  optical  fiber  is 
approximately  0.6  irrn. 

Taken  into  consideration  the  mechanical 
strength  reliability  over  25  years,  the  optical 
fibers  had  2%  elongation  screening.  Optical  fiber 
splicing  was  performed  by  high-strength  arc- 
fusion  splicing.  For  the  splicing  point,  2.5% 
elongation  screening  was  performed. 
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Table  1  Deep  Water  Cable  Parameters 


— 

Item 

Parameter 

Mj nullum  Sea  Depth 

I  U.OOOrtl 

Diameter 

|  22rmn 

[  Jn  Air  J  O.WurVk/n  f 

In  Water  i  OS<on/km 

I 

Cable  Tensile  Strength 

[  More  than  10  Ions 

Sir cnqlh/ Weight  m  Wale r 

t  More  than  20km 

Minimum  Bending  Radius 

|  1m 

Water  Ingress  ji  each  sc 

depth  j  Less  than  2k m/2  Weeks,  at 

Less  lhan  1  Km/ 2  Weeks,  at 

1  Less  lhan  0  25km/2  Weeks. 

7.500m 

5.500m 

al  1.000m 

DC.  Resist  jnee 

Less  than  0.72M/km 

! 

/.nsu'ji  on  Resistance 

.  More  man  2 xtok Mi*. km 

i 

M.iiwuni  Voltage 

.  12KV 

! 

Number  of  Optical  Fibers 

|  •l.M.ixunijmG) 

j 

1 

Optical  Fiber  Loss 

;  Less  than  0  40  dB/km  at  l.3l±0Dl..m  I 

Zcio  Dispersion  Wavcicngt 

1  131..  m 

1 

Dispersion 

1  ±  2 ps/km/nm  at  1.3l±0  01.ii 

Cut  OK  Wavelength 

i  Less  than  129.  m 

l 

2.2  Fiber  Unit 


Fic.l  shows  the  fiber  unit  cross  section  end 
the  cable  cress  sootier..  T!ie  fiber  ur.it  his  a 
center  tensile  strength  member  in  its  center;  it 
is  stranded  with  six  coated  optical  fibers  around 
it  in  fixed  pitches.  This  structure  is  filled  and 
covered  with  UV  resin.  The  cepper  plated  center 
tensile  strength  member  was  covered  with  a  IV 
resin.  Thus,  the  coated  fibers  do  not  contact  the 
surface  of  the  center  tensile  strength  member 
directly  in  order  to  inhibit  the  generation  of 
fiber  micro-bending.  The  outside  diameter  of  the 
fiber  unit  is  slightly  less  than  3  nm. 


Fiber  Unit 


Steel  Wire  (Matal-piy) 

Optical  Fttusr 

U.V.  Cured  Resin 
Nylon 

U.V.  Cured  Resm 


Water  Blocking  Compound 


Fig .1  Optical  Fiber  Submarine  Cable 


2.3  Cable 

The  cable  has  the  fiber  'unit  in  its  center; 
tlie  fiber  unit  is  surrounded  by  a  3-divided  stool 
anti-pressure  pipe,  over  which  ter.sile  strength 
wires  are  stranded  in  fixed  pitches.  The  struc¬ 
ture  is  tightened  by  a  copper  tube  layer  around 
it  and  covered  with  a  low-density  polyethylene 
insulation  layer  and  high-density  polyethylene 
jacket  layer.  The  outside  diameter  is  22  m.  The 
composite  metal  structure  consisting  of  the  3- 
divided  pipe,  tensile  strength  wires,  and  copper 
tube  layer  functions  as  an  anti-water  pressure 
structure,  as  a  tensile  strength  structure,  and 
as  a  power  feed  conductor  line  to  the  repeaters. 

A  anti-water  compound  is  filled  intermittently  in 
the  longitudinal,  direction  of  the  cable  tc 
prevent  water  frem  ingress  in  the  gap  inside  the 
cable  in  case  of  a  coble  break,  and  it  fixes  the 
fiber  unit  to  the  3-dxvided  steel  pipe. 

2.4  Single  Fiber  Lengths  and  Splicing  Losses 

The  maximum  single  fiber  length  after  2% 
screening  was  approximately  27  km;  single  filler 
lengths  averaged  10.5  km.  and  standard  deviation 
was  5.0  km. 

The  maximum  and  average  splicing  losses  were 
C.29  d3  and  0.14  dB,  and  the  standard  deviation 
was  C.C8  dB. 


3 Cl v  icteristics 

3.1  Optical  loss 

Fig. 2  shows  the  distribution  cf  the  optical 
transmission  losses  at  1.30  and  1.55  urn.  The 
maximum  and  minimum  loss  values  at  3.3  prr.  were 
0.411  and  0.348  dB/km,  and  the  mean  loss  value 
was  0.373  dB/km.  The  maximum  and  minimum  less 
values  at  1.53  pm  were  0.24b  and  0.201  dB/km,  ar.c 
the  mean  loss  value  was  0.233  dB/km.  The  53km 
cables  had  an  average  of  five  splices  per  optical 
fiber,  and  the  optical  transmission  loss  values 
include  the  splicing  losses  at  these  splices. 


3.2  Dispersion 


The  dispersions  were  within  -1.75  ~  1.50 
ps/km/nm  in  the  wavelength  region  of  1.3  ~  1.32 
|im.  The  dispersion  values'  variation  of  40 
optical  fibers  at  each  wavelength  was  within 
approximately  +/-0.7  ps/km/nm.  The  mean  value  of 
the  7.ero-dispersion  wavelengths  was  1.313  pm,  and 
tile  standard  deviation  was  0.004  pm.  Thus  the 
dispersions'  deviation  was  very  small;  this 
indicates  tjiat  manufacturing  deviation  of  the 
dimensions  and  refractive  indexes  of  the  optical 
fillers  was  very  small. 

3.3  Optical  Loss  Variations  in  Manufacturing 
Processes 

Fig. 3  shews  optical  transmission  loss  change 
in  the  manufacturing  process.  The  average  optical 
loss  increased  approximately  0.003  and  0.007 
dB/km  at  1.3  and  1.55  pm  after  the  insulation 
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layer  process,  respectively.  This  loss  increase 
can  be  attributed  to  micro-bending  generated  in 
the  fibers  due  tc  heat  applied  during  the 
insulation  layer  process,  and  to  pressure  caused 
by  the  heat. 

Except  for  this  loss  increase,  optical  loss 
change  in  the  manufacturing  process  was  hardly 
recognizeable . 


<>  ir 
ft.lM 

i» 


Number  of  fibers 

Fig-2  Transmission  Loss  Distributions 


•  <  nc. 


+  Loss  increase  N  =  40 

-Loss  decrease  O  al  130.-m 

•  at  1.55:  m 


j 

| 


Fiber  1  insul.V.icn  *  Coupling  ‘ 

Un-.t  ]  ;  , 

Cooper  Jacket  Loading 

Tube  to  Depot 

Cab'e  Manufacturing  Process 

Fig.  3  Average  Loss  Characteristics 
during  Cable  Manufacturing 


3.4  Temperature  Characteristic 

Fig. 4  shows  the  temperature-optical  loss 
characteristics  between  -20  and  50"C.  The  loss 
measurement  was  made  by  looping  the  four  optical 
fibers  of  each  500m  sample  cable  to  form  a  loss 
measurement  length  of  2  km.  Although  temperature 
characteristics  would  differ  depending  on  indi¬ 
vidual  cables,  losses  varied  within  +/-0.007 
dB/km  at  -20°C  and  +/-0.004  dB/km  at  50“C  from 
the  loss  values  at  the  reference  temperature  of 
15°C.  The  optical  losses  returned  to  the  original 
levels  when  the  temperature  was  returned  to  the 
reference  teirperaturo .  On  the  average,  the 
optical  loss  decreased  0.002  dB/km  at  -20°C  arid 
increased  0.002  dB/km  at  50 °C. 


Fig. 4  Temperature-Loss  Characteristic 


3.5  Tensile  Strength  Characteristic 

Fig. 5  shows  tension-optical  loss  character¬ 
istics  to  the  tension  of  7  metric  tons.  From  sea 
trials,  the  tension  of  7  metric  tons  was  assumed 
to  be  the  maximum  tention  applied  during  laying 
and  recovery  from  8,000  m  depth  with  enough 
margin.  The  losses  were  measured  by  looping  four 
optical  fibers  in  each  200m  sample  cable  to 
obtain  a  loss  measurement  length  cf  800  m. 
Although  the  tension-optical  loss  characteristics 
would  differ  depending  on  individual  cables,  tile 
losses  varied  within  +/-0.004  dB/km  when  7  metric- 
tons  wore  applied.  The  loss  values  returned  to 
the  original  level  when  the  tension  was  reduced 
to  zero.  The  loss  increased  an  average  of  0.002 
dB/km  when  7  metric  tons  were  applied. 

The  elongation  distortion  was  an  average  of 
0.65%  when  7  metric  tons  was  applied.  The 
residual  elongation  distortion  when  the  tension 
was  returned  to  zero  was  less  than  0.1%. 

Hie  breaking  tensile  strength  was  more  than 
10.2  metric  tons  (100  kN) ,  averaging  10.5  metric 
tons,  indicating  that  a  sufficient  under-water 
cable  strength/cable  weight  ratio  (more  than  20 
km)  could  be  obtained. 
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3.6  Water  Pressure  Characteristics 

Fig. 6  shows  the  water  pressure-optical  ^ 
transmission  loss  characteristics  to  850kg/cm  at 
1.5°C.  The  less  was  measured  by  looping  four 
optical  fibers  of  each  cable  sample  to  obtain  a 
loss  measurement  length  of  800  m.  The  deviation 
of  the  measured  values  was  within  the  measurement 
accuracy  of  +/-0.001  aB/km  in  all  cases;  the 
optical  losses  did  not  change  the  pressure  to  850 
kg/cm“. 

The  cables  were  found  to  be  free  of  mechan¬ 
ical  deterioration,  such  as  deformation,  after 
the  tests. 


where  "A”  is  a  proportional  constant  at  each 
water  pressure  and  "a"  is  0.3 — 0.4.  The  water 
ingress  distances  under  each  water  pressures  in 
two  weeks  were  estimated  using  the  test  results 
and  experimental  formula.  The  average  water 
ingress  distances  two  weeks  later  under  water 
pressures  of  100,  550,  750  kg/ari  calculated 
based  on  the  test  results  were  approximately  80, 
360,  and  530  m,  respectively.  These  values  fully 
meet  the  design  objective  with  enough  margin. 

3 . 8  Summary  of  Characteristics 

In  addition  to  the  above  mentioned  tests, 
bending,  bending  tension,  repetitive  tension, 
jerks  and  squeezes,  and  lateral  stress  tests  were 
performed.  All  the  tests  were  made  with  presump- 
tions  of  temperature  variations,  external 
mechanical  stress  and  others  which  would  be 
applied  to  the  cable  in  submarine  environments 
during  and  after  laying  and  during  recovery  with 
considerable  margins.  Deviation  of  optical  and 
mechanical  characteristics  of  each  manufactured 
cable  was  very  small  and  prominent  optical 
transmission  loss  changes  or  cable  mechanical 
deterioration  could  not  be  found. 

It  was  confirmed  that  the  mass  produced 
optical  fiber  submarine  cables  have  sufficient 
strength  and  that  optical  transmission  losses 
were  also  quite  stable.  These  results  show  the 
high  reliability  of  the  OS-280M  optical  fiber 
cable. 
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Fig.  6  Water  Pressure-Loss  Characteristic 


1.7  Anti-water  Ingress  Characteristics 

(Time-Water  Ingress  Distance  Characteristics) 

The  anti-water  ingress  characteristics  tests 
were  performed  by  measuring  the  water  ingress 
time  through  200m  sample  cables  under  water 
pressure  of  100,  550,  and  750  kg/cm2  at  a  test 
temperature  of  3”c.  The  following  is  an  experi¬ 
mental  formula  between  the  water  ingress  distance 
"L",  and  water  pressure  application  time  "t".  ’ 

L  =  A  ta  (1) 


4  Long-Term  Transmission  Loss  Variation 
(Long-Term  Loss  Stability) 

The  following  are  considered  to  be  the  main 
factors  for  long-term  aging  changes  (loss  in¬ 
crease)  of  the  transmission  loss  of  the  optical 
fiber  submarine  cable. 

1)  Loss  increase  by  hydrogen  generated  inside 
the  cable.  4  *  5 

(1)  Hydrogen  generation  from  non-metallic 
materials  of  the  cable  such  as  optical 
fiber  unit  and  anti-water  compound. 

(2)  Hydrogen  generation  by  electric-chemical 
reaction  on  the  surface  of  metallic 
materials  of  the  cable,  which  may  involve 
moisture  in  the  cable. 

2)  Loss  increase  by  optical  fiber's  micro¬ 
bending  caused  by  aging  and  deterioration  of 
optical  finer  coating  materials. 

The  cable  structure  was  designed  and  mate¬ 
rials  were  selected  during  the  cable  design  so 
that  the  opti :al  transmission  loss  increase  in  25 
years  would  present  absolutely  no  problems  in  the 
above  mentioned  items  in  addition  to  the  reliabi¬ 
lity  of  mechanical  characteristics.  Verification 
tests  on  each  material  including  optical  fiber 
were  performed.  In  addition  to  the  above  tests, 
long-term  loss  stability  tests  were  made  to 
verify  overall  long-term  stability  of  the  coble 
for  more  than  25  years. 
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4,1  Hydrogen  Generation  1'rccr.  the  optical  fiber 

unit 

Measurement  on  temperature  dependency  of  tile 
hydrogen  gas  generated  from  the  optical  fiber 
unit  was  made.  Fig. 7  shews  the  amount  ot  hydrogen 
gas  generated  from  the  fiber  unit  at  60 °C,  80 °C 
and  100*0.  The  length  of  each  fiber  unit  used  in 
the  measurement  was  20  m. 

Assuming  the  hydrogen  was  generated  through 
the  thermal  activation  process,  and  using 
Arrhenius  formula,  the  amount  of  generated 
hydrogen  gas  "V"  is  expressed  as  follows; 

V  =  A  exp (-E/RT)  tk  (2) 

where  "A"  is  a  proportional  constant,  “R“  is  the 
molar  gas  constant,  "T"  is  an  absolute  tempera¬ 
ture,  "t"  is  time  (hours) ,  and  k  =  0.36  from 
Fig. 7.  According  to  the  Arrhenius  plot  of  the 
test  result,  E/R-k  =  9.14xl03  was  obtained.  Using 
R  =  1.987  cal/mol-K,  the  activation  energy  of  the 
hydrogen  generation  process  becomes  E  =  6.53 
Kcal/mol.  Then  the  amount  of  generated  hydrogen 
gas  is  expressed  as  follows; 

V  (pl/m)  =  1.9xl04  exp(-3.3xl03/T)  t0-36  (3) 

Fig. 8  shows  the  estimated  amount  of  hydrogen  gas 
generation  at  3’C.  The  measured  values  at  each 
temperature  in  Fig. 7  were  converted  to  the  values 
at  3°C  using  Eq. (3)  and  plotted  on  Fig. 8. 

From  Fig. 8,  the  amount  of  hydrogen  gas 
generation  from  the  fiber  unit  at  3"C  in  25  years 
is  estimated  to  be  about  10  pi/  m.  This  corre¬ 
sponds  to  hydrogen  gas  pressure  of  1.4  x  10  J  atm 
inside  the  cable. 

The  transmission  loss  increase  of  optical 
fiber  at  1.30  (L (1.3) )  and  1.55  pm  (L ( 1 . 55) )  due 
to  hydrogen  gas  is  approximately  giver,  by  the 
following  formulae  (  the  optical  fibers  were 
measured  to  have  an  C-H  absorption  peak  at  1.39 

urn.);  5 


L (1 . 3) 

=  0.033  L (1 . 24)  +  0.6  Ml. 39) 

dB/km 

(4) 

Ml. 55) 

=  0.083  L(1.24)  +  0.5  L(l. 39) 

dB/km 

(5) 

L(1.24) 

=  0.56  PH2  exp (1 . 55x103/RT) 

dB/km 

<6) 

L(1.39) 

=  J  PH2  (M  log  (t)  -  N) 

dB/km 

(7) 

M  =  1.90xl05  exp (-9 . 61xl03/RT) 

(8) 

N  =  8.88xl04  exp (-8 . 32xl03/RT) 

(9) 

where  "Ml. 24)"  is  loss  increase  at  1.24  pm  due 
to  H ,  absorption  and  "1,(1. 39)"  is  loss  increase 
at  1.39  pm  due  to  O-H  absorption  ,  "Ph,"  is  the 
hydrogen  gas  pressure  (atm)  ,  "R"  is  the  molar  gas 
constant,  "T"  is  an  absolute  temperature  and  ”t" 
is  time  (hours) . 

Then  loss  increase  at  1 . 3  pm  and  1.55  pm  due 
to  hydrogen  generation  from  the  fiber  un^t  at  3*C 
in  25  years  is  estimated  to  be  4.3  x  10  dB/km 
and  1.1  x  10  dB/km,  respectively. 


10  100  1000  10000 


Time  (Hour) 

Fig. 7  Temperature  Dependency  of  H;  gas  from 
Optical  Fiber  Unit 


io!  io1  to"  io  *  1 


Time  (hour) 

Fig. 8  Estimated  H2  gas  Amount  at  3'C 


The  amount  of  hydrogen  gas  generated  frem 
anti-water  compound  was  measured  to  be  less  than 
7  x  10  11  pl/g  at  100’C  for  one  hour.  When 
converted  to  .he  value  per  1  m  cable  length,  it 
corresponds  to  much  less  than  1/10  of  hydrogen 
generation  f  :cm  the  fiber  unit. 

4.2  Long-Term  Loss  Orange  at  80*C 

To  observe  transmission  loss  change  of  the 
cable  at  a  high  temperature,  the  following  test 
was  performed.  A  500m  sample  cable  was  put  into 
high  temperature  bath  of  80"C  and  loss  change  was 
measured  through  wave length- loss  measurement.  Six 
fibers  were  looped  to  form  a  measurement  length 
of  3  km.  To  observe  effects  of  power  feed  current 
such  as  electrical  corrosion,  an  electric  current 
of  10  A  was  feeded  through  the  composite  metal 
structure  and  center  tensile  strength  member  of 
the  fiber  unit. 
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Fig.  9  Temperature  Accelerated  Loss  Changes 


4.3  Long-Term  Loss  Change  at  a  temperature  of 
i'C  and  water  pressure  of  800  kg /erf 

To  observe  loss'  change  of  tile  cable  in 
"hviremrent  of  S,0C0  m  sea  dept)'.,  the  following 
test  was  performed.  Four  200tn  sample  ealjles  were 
put  into  the  ocean  simulator.  Fibers  were  loop'd 
to  form  a  measurerrent  length  of  3.2  km.  The 
temperature  and  water  pressure  in  the  ocegn 
simulator  was  set  to  be  3”C  and  800  kg/cjrT  , 
respectively,  and  the  loss  change  was  measured 
for  one  year. 

Fig.  10  shows  tlie  test  result.  The  loss 
changes  for  one  year  was  within  +/-0. 002dB/km  and 
no  loss  rncrease  tendency  was  observed.  It  is 
considered  tl’.at  there  would  be  little  generation 
of  micro-bending  of  the  optical  fibers  due  to  low 
Vistper.iture  and  high  water  pressure. 


Time  (Uaysl 

Fig. 10  Long-term  Loss  Change  under 
water  Pressure  of  800kg/cm2 


4.4  Loss  Changes  of  the  manufactured  cables 
during  storage 

Fig.li  shows  the  loss  changes  of  the  ten 
manufactured  cables  during  storage.  No  prominent 
loss  increases  at  1.3  and  1.55  jum  were  observed. 
Wavelength- loss  characteristics  of  15km  and  13km 
cables  were  measured  ar)d  less  increases  at  1.24 
um  and  longer  wavelength  region  such  as  1.6  and 
1.1  urn  were  not  observed.  It  is  considered  that 
hydrogen  gas  generation  and  optical  fiber 
mic rc-bersdinrj  is  also  negligible  in  this  case. 
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Fig.l  1  Transmission  Loss  Changes 
during  Storage 


Loss  changes  in  Fig.il  . a  considered  to  be 
due  to  measurement  accuracy  of  short  length 
cables  because  estimated  loss  increase  due  to 
hydrogen  at  23*0  for  Cr.e  year  rs  less  than  0.001 
dB,km  at  both  1.3  ami  1.55  pur. .  liven  if  t 1 ,e  worst 
case  is  assumed;  less  variation  v.a  .  I  transit 
proportional  to  log (t)  as  tin-  dotted  line  it 
Fin.  10,  the  loss  increase;  at  1.3  jam  at  rote, 
temperature  after  25  years  is  estimat'd  to  be 
I  ess  Uian  0.(11  dB/km.  Tins  value  ceii'fspo:  uL-;  '  o 
loss  increase  of  less  than  0.5  dB  per  repeater 
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spacing  of  53  kit..  According  to  the  tendency  of 
loss  change  at  80°C  in  Fig.^  and  at  3'C  under 
water  pressure  ef  800  kg/aiC  in  Fig. 10,  it  would 
be  the  worst  case  to  assume  that  loss  increase  is 
proportional  to  log(t). 

4.5  Suimury  ot  the  Long-Term  Stability 

It  was  estimated  that  hydrogen  generation 
frcm  the  fiber  unit  mainly  attributes  the  long¬ 
term  loss  increase  of  the  cable  and  hydrogen 
generation  iron  other  materials  such  as  anti¬ 
water  compound  and  metallic  materials'  surfaces 
(corrosion  etc.)  can  be  negligible.  The  loss 
increase  at  1.30  and  1.55  pm  due  to  hydrogen 
generation  inside  the  cable  at  3"C  in  25  years  is 
estimated  to  be  less  than  0.001  dB/km  and  0.002 
dB/km,  respectively. 

No  obvious  micro-bending  generation  of 
optical  fillers  has  been  observed  at  8C"C  and  at 
3*C  under  water  pressure  of  800  kg/cm"  for  one 
yea  r . 

Every  long-term  less  change  test  including 
the  long-term  loss  measurements  of  all  the 
manufactured  cables  shewed  that  the  OS-280  cable 
had  quite  stable  long-term,  optical  transmission 
loss  characteristics,  and  maximum  transmission 
loss  increase  after  25  years  was  estimated  tc  be 
less  th.ir.  0.01  dB/km  even  if  the  worst  data  were 
used . 


cf  198b.  The  system  lias  been  fed  a  current  of  1.6 
A.  Fig. 12  shows  long-term  loss  changes  cf  the 
5 3 fur.  cable  laid  on  the  Japan  Trench  of  8,200  m 
sea  depth.  Loss  changes  of  the  other  laid  cables 
have  also  been  quite  stable.  This  result  verifies 
that  transmission  losses  of  the  cables  are  very 
stable  even  in  the  actual  sea  bottom,  of  up  to 
8,200m  deptli,  and  supports  the  above  mentioned 
conclusions;  high  reliability  and  long-term 
stability  of  the  OS-280M  optical  submarine  cable. 


I  :  Measuring  Accuracy 
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Fig. 12  Transmission  Loss  Changes  ot  Cable 

Laid  on  Japan  Trench  (8,200m  sea  depth) 


Measurements  and  teats  of  optical  irans- 
russicn  less  and  mechanical  characteristics  or 
ter.  manufactured  OS-280M  optical  fiber  cables 
were1  per  form*  d.  The  total  length  of  tile  manufact- 
ured  cables  was  about  350  km.  Deviations  of  these 
optical  transmission  loss  and  mechanical 
characteristics  between  the-  cables  were  very 
small  and  the  test  results  shewed  tliat  the  cables 
have  quite  stable  optical  and  mechanical  charac¬ 
teristics.  Free  these  results,  mass  prcducibility 
and  high,  reliability  of  the  OS-280  optical  fiber 
submarine  cable  was  confirmed. 

One  year  transmission  loss  changes  at  £j0”C, 
.u.d  at  3”C  under  water  pressure  of  800  km/cm 
wore  measured.  Loss  measurements  of  all  the 
manufactured  cables  during  storage  at  a  room 
timpcruture  were  also  performed.  No  prominent 
le  ss  chances  was  observed  in  these  measurements. 
It  was  estimated  that  hydrogen  generation  from 
rater  la  Is  ether  titan  the  fiber  unit  could  be 
negligible  and  that  micro-bending  generation  of 
*  he  fibers  could  be  also  negligible.  Maximum 
tr-xismissicr.  loss  increase  at  a  lower  temperature 
such,  as  23"C  or  3°C  after  25  years  was  estimated 
In  be  lets  fh.ar.  0.C1  dB/km  (0.5  dB/53km  repeat e-r 
si.iiinu)  at  1.3  pm. 

Less  change  mr-asur1  ner.ts  or  the  rallies  which 
actually  laid  in  pacific  Ocean  including  the 
,'up-ir.  Trench  of  8,200  m  have  been  performed.  The 
rictufact  ure*l  cables  weie  spliced  with  repeaters 
to  four,  th.e  short  haul  (JS-280M  optical  fiber 
sulrarite  'able  cq.tiin  cf  300  km  in  length.  The 
s'stn  was  laid  in  the  Pacific  Ocean  in  December 
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Combustion  Toxicology:  Principles, 
Methods  and  Regulations 

by  Steven  C.  Packham,  Ph.D. 


The  science  of  combustion  toxicology 
will  be  discussed  from  three  perspectives: 

(1)  basic  principles  of  toxicology, 

(2)  methods  which  have  been  used  to 
test  the  toxicity  of  smoke  from  burning 
materials,  and 

(3)  the  future  of  combustion  toxi¬ 
cology  in  materials  regulations. 

The  fundamental  principles  of  com¬ 
bustion  toxicology  will  be  discussed 
including  the  definition  and  quantifica¬ 
tion  of  dose  in  smoke  inhalation  testing 
and  research.  In  addition,  rationals  for 
selection  of  specific  animal  models  will 
be  presented  including  the  usefulness  of 
different  kinds  of  endpoints,  e.g., 
lethality,  blood  chemistry,  etc. 

There  are  five  different  test  proce¬ 
dures  currently  being  reviewed  by  the 
International  Standardization  Organization 
(ISO),  one  from  Japan,  one  from  West 
Germany  and  three  from  the  United  States. 
The  author  will  compare  and  contrast  these 
methods  on  the  basis  of  the  type  of 
furnaces  they  use  to  burn  test  specimens. 
Also,  a  new  test  method  being  developed 
through  the  National  Institute  of  Building 
Sciences  will  be  discussed. 

Finally,  the  author  will  speculate 
about  the  possible  significance  of  com¬ 
bustion  toxicity  testing  in  current  and 
future  regulations.  A  plan  for  encour¬ 
aging  international  uniformity  in  com¬ 
bustion  toxicity  testing  specifications 
will  be  presented. 


Hazard  Analysis  Using  Toxic  Potency 
and  Other  Material  Property  Data 

by  Richard  W.  Bukowski,  P.E.,  Head 
Hazard  Analysis  Center  for 
Fire  Research 

National  Bureau  of  Standards 
Gaithersburg,  Maryland 


Abstract:  Over  the  past  few  years, 

the  Center  for  Fire  Research  (CFR)  has 
been  developing  a  method  for  predicting 
the  hazard  tc  building  occupants  from 
fires.  This  method,  based  on  numerical 
fire  modeling  technology,  is  soon  to  be 
released  as  a  software  package  called 
HA2ARD  I  which  is  intended  for  jse  on 
personal  computers.  It  includes  programs 
and  procedures  for  predicting  the  time- 
dependent  environment  (e.g.,  temperature, 
smoke  density,  and  concentration  of  a 
number  of  gas  species)  in  multiple  rooms 
on  multiple  floors  of  any  building  of 
interest.  Also,  the  evacuation  progress 
of  a  user-specified  group  of  occupants  is 
traced  through  the  building  as  influenced 
by  the  smoke  encountered  along  the  way, 
and  by  "normal"  behavior  under  such 
circumstances.  Finally,  the  predicted 
impact  of  exposure  of  these  occupants  to 
the  fire-induced  environment  is  determined 
and  fatalities  along  with  the  time, 
location,  and  cause  of  death  are  assigned. 

The  capabilities  and  limitations  of 
these  programs  will  be  presented  in  the 
context  of  their  use  in  evaluating  the 
potential  hazards  associated  with  wire  and 
cable  products.  A  previously  published 
analysis  (using  a  "pencil  and  paper" 
calculation)  of  plenum  cables  will  be 
reviewed.  Finally,  the  use  of  these 
techniques  for  the  calculation  of  product 
risk  for  the  case  of  wire  and  cable  in 
concealed  spaces  of  office  occupancies 
will  be  outlined. 
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PRINCIPAL  TEST  METHODS  FOR  THE  EVALUATION  OP  THE  COMBUSTION 
TOXICITY  OF  MATERIALS  AND  PRODUCTS* 


Howard  W.  Stacy 


Southwest  Research  Institute,  6220  Culebra  Road 
San  Antonio,  Texas  78284 


ABSTRACT 

Several  test  methods  have  been  developed  over  the  last 
several  years  for  the  evaluation  of  the  acute  inhalation 
toxicity  of  the  combustion  products  released  from  mate¬ 
rials  and  products  during  thermal  decomposition.  Princi¬ 
pal  test  methods  in  this  country  include  the  University  of 
Pittsburgh  (UPitt)  test,  the  National  Bureau  of  Standards 
(NBS)  protocol  (Cup  Furnace  method)  and  the  Radiant 
Furnace  test  method  ("Packham"  method).  Two  other 
test  methods  worthy  of  mention  are  the  German  DIN 
Method  (based  on  DIN  53  436)  and  the  Japanese  Govern¬ 
ment  Building  Regulation  (JGBR)  test.  This  paper  pro¬ 
vides  a  general  review  of  the  following:  1)  the  basic 
components  of  the  principal  test  protocols,  including 
descriptions  of  the  combustion  apparatus  and  the  opera¬ 
tional  procedures  for  generation  of  combustion  atmo¬ 
spheres,  the  animal  exposure  system  and  the  mode  of 
operation  (static  or  dynamic),  the  toxicological  measure¬ 
ments  (primary  endpoint)  and  the  chemical  analyses  of 
combustion  atmospheres;  and  2)  the  respective  advan¬ 
tages  and  disadvantages  of  the  test  procedures. 


INTRODUCTION 

The  mount. .ig  concern  over  the  contribution  of  materials 
to  the  life  hazard  of  smoke  has  resulted  in  an  accelerated 
development  of  the  field  of  combustion  toxicology  over 
the  past  ten  years.  During  this  time,  several  test 
methods  have  been  developed  for  the  evaluation  of  smoke 
toxicity,  each  with  its  own  combustion  device  (fire 
model),  exposure  chamber  and  method  of  exposing 
animals.  The  primary  purpose  of  this  discussion  is  to 
review  the  major  test  methods  either  in  use  or  under 
consideration  today,  and  at  the  same  time  outline  the 
general  principles  of  combustion  toxicity  testing. 

Tnere  are  at  least  five  major  test  methods  for  assessing 
the  performance  of  materials  with  regard  to  toxicity  of 
smoke  produced  during  combustion.  Several  additional 
methods  have  also  been  used  to  some  extent.  The  test 
procedures  referred  to  as  the  National  Bureau  of  Stan¬ 
dards  (NBS),  Radiant  (Packham),  University  of  Pittsburgh 
(UPitt),  DIN  (German)  and  JGBR  (Japanese)  have  re¬ 
ceived  a  significant  level  of  attention  either  as  proposed 
standards  (ASTM,  ISO)  or  as  regulatory  tools. 


*  Text  abstracted  in  part  from  Kaplan,  H.  L.,  A.  F. 
Grand,  and  G.  E.  Hartzell,  Combustion  Toxicology; 
Principles  and  Test  Methods,  Technomic  Publishing 
Company,  Incorporated,  Lancaster,  Pennsylvania 
(1983). 


REQUIREMENTS  FOR  COMBUSTION  TOXICITY  TESTS 

For  the  purpose  of  evaluating  materials,  economic 
factors  dictate  the  use  of  small-scale  tests.  Control  of 
exposure  temperature  (or  heat  flux)  and  the  precise 
measure  of  the  sample  size  and  quality  also  make  labora¬ 
tory  experiments  desirable. 

Laboratory  experiments  in  combustion  toxicology  gener¬ 
ally  comprise  the  following: 

1)  a  combustion  device  for  controlled  com¬ 
bustion  (either  temperature  or  heat  flux)  of 
a  single  material; 

2)  an  exposure  chamber  for  exposure  of  test 
animals  to  the  smoke; 

3)  a  method  for  measurement  of  toxicity; 

4)  chemical  analysis  of  the  combustion  atmo¬ 
sphere. 

Combustion  Devices 

In  order  to  develop  practical  and  reproducible  laboratory 
combustion  toxicology  experiments,  certain  choices  must 
be  made.  One  must  consider  radiant  vs.  conductive 
heating,  smoldering  (nonHaming)  vs.  flaming  combustion, 
and  the  physical  configuration  of  material  that  represents 
its  actual  use.  The  rate  at  which  samples  decompose  is 
also  an  important  consideration,  since  the  release  of 
toxicants  is  proportional  to  the  burning  rate  of  the  mate¬ 
rial.  It  is  important  to  recognize  that  the  chemical 
composition,  and  therefore  the  toxicity,  of  the  combus¬ 
tion  or  pyrolysis  products  of  a  given  material  can  be 
highly  dependent  on  the  decomposition  conditions. 

The  more  common  combustion  devices  which  have  been 
used  in  the  studies  of  combustion  toxicology  can  be 
characterized  by  the  following  parameters: 

1)  the  use  of  radiant  vs.  conductive  heating; 

2)  the  available  air  supply  and  freedom  of 
convective  flow  of  air  around  the  test 
specimen; 

3)  the  capabilities  for  accommodating  various 
samole  configurations. 

The  common  combustion  devices  in  use  include  the  cup 
(Potts)  furnace  of  the  NBS  test,  the  quartz  radiant  fur¬ 
nace  of  the  "Packham”  test,  the  UPitt  muffle  furnace, 
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the  combustion  tube  (radiant)  furnace  of  the  DIN  appar¬ 
atus  and  a  radiant  furnace  used  by  the  Japanese  Ministry 
of  Buildings  test. 

With  regard  to  the  laboratory  fire  model,  it  has  been 
recognized  that  no  laboratory  apparatus  is  perfectly 
adequate  for  reproducing  the  changing  conditions  of  a 
real  fire.  ’  2  This  is  an  important  limitation  of  all  fire 
test  methods.  For  example,  ASTM  tests  El  19  and  E84 
make  no  attempt  to  duplicate  the  wide  variety  of  condi¬ 
tions  that  are  found  in  real  fires.  These  tests  only  en¬ 
deavor  to  assess  material  performance  under  standard¬ 
ized  laboratory  fire  conditions. 

Exposure  Conditions 

The  chambers  that  have  been  used  for  exposure  of 
animals  to  smoke  are  as  diverse  as  the  devices  used  for 
generating  the  smoke.  Both  dynamic  chambers,  which 
are  continuously  supplied  with  smoke  diluted  with  fresh 
air,  and  static  chambers  have  been  used  in  laboratory 
combustion  toxicity  tests.  The  proponents  of  each  type 
can  identify  similarities  of  the  dynamic  or  static  chamber 
to  certain  real  fire  scenarios  or  to  some  phases  of  real 
fires.  Exposure  chambers  also  differ  in  size,  configura¬ 
tion  and  construction  materials. 

Toxicity  Measurements 

The  traditional  toxicity  index  in  laboratory  combustion 
tests  has  been  the  LC5q  which,  in  general  toxicological 
usage,  is  defined  as  the  concentration  of  a  gas  or  vapor 
that  results  in  death  of  50  percent  of  the  test  animals. 
Because  the  smoke  produced  by  materials  is  a  mixture  of 
particulates  and  several  gases,  this  index  of  toxicity  must 
be  related  to  the  material  or  to  the  smoke  mixture.  The 
LC50  value  is  determined  by  measuring  the  response  of 
the  animals  to  different  concentrations  of  the  smoke. 
This  may  be  accomplished  by  conducting  a  series  of 
experiments  in  which  the  quantity  of  material  combusted 
is  varied  in  order  to  produce  different  concentrations  of 
smoke.  Obviously,  the  number  of  animals  showing  a 
response  (death)  will  increase  as  the  exposure  concentra¬ 
tion  is  increased.  When  the  percent  of  ar'mal  responding 
within  a  specified  time  is  graphed  as  a  function  of  the 
logarithm  of  the  concentration,  a  straight  line  may  be 
approximated.  Statistical  methods  are  then  employed  for 
the  calculation  of  the  LC50.  it  must  be  emphasized  that 
differences  in  data  among  materials  must  be  evaluated 
both  for  statistical  significance  and  practicality  before 
concluding  that  one  material  differs  from  another  in  the 
toxicity  of  the  smoke  produced.  This  is  due  to  the  inher¬ 
ent  variability  in  biological  response  of  animals  and  by 
the  difficulty  in  generating  reproducible  combustion 
atmospheres. 

Time-to-effect  (incapacitation  and  lethality)  has  also 
been  considered  an  important  concept  in  combustion 
toxicity  testing  and  has  been  used  as  an  endpoint  in  some 
test  procedures.1’  2 

Chemical  Analyses 

Chemical  analyses  serve  a  number  of  important  purposes 
in  laboratory  combustion  toxicity  tests.  The  first  and 
most  important  purpose  of  these  measurements  is  to 
enable  the  determination  of  whether  observed  toxic 
effects  are  produced  by  carbon  monoxide  or  by  other 
toxic  decomposition  products.  Another  function  of  these 


analyses  is  to  provide  an  indication  of  the  reproducibility 
and  validity  of  the  combustion  of  the  material.  Mea¬ 
surements  of  CO  and  CO2  generation  can  provide  evi¬ 
dence  of  an  improper  combustion  condition  and  the 
necessity  to  repeat  an  experiment.  Analyses  are  also 
needed  to  insure  that  excessive  oxygen  depletion  does  not 
occur  during  the  exposure  of  animals.  Other  analyses 
that  may  be  useful  in  support  of  the  toxicity  experiment 
include  those  for  the  following  species: 

1)  Hydrogen  cyanide; 

2)  Halogen  acid  gases; 

3)  Acrolein,  formaldehyde  or  other  specific 
chemical  species. 

REVIEW  OF  PRINCIPAL  TEST  METHODS 

National  Bureau  of  Standards  (HBS)  Protocol 

This  test  method,  under  development  since  about  1976  at 
the  U.S.  National  Bureau  of  Standards,  has  been  described 
in  detail  in  a  Bureau  report  entitled  "Further  Develop¬ 
ment  of  a  Test  Method  for  the  Assessment  of  the  Acute 
Inhalation  Toxicity  of  Combustion  Products."3  According 
to  the  NBS  report,  the  test  method  ".  .  .  provides  a  means 
of  assessing  the  acute  inhalation  toxicity  of  the  com¬ 
bustion  products  of  materials  under  specified  laboratory 
conditions  and  is  primarily  intended  for  research  and 
preliminary  screening  purposes." 

The  basic  components  of  the  NBS  test  method  consist  of 
the  following: 

1)  A  combustion  device,  commonly  referred  to 
as  the  Potts  furnace,  consisting  of  a  9-in. 
cubical  stainless  steel  box  containing  an 
insulated  stainless  steel  cylindrical  cup 
surrounded  by  a  ceramic  sleeve  and  resting 
on  a  ceramic  disk.  Nichrome  wire  wound 
about  the  sleeve  and  below  the  disk  consti¬ 
tutes  the  heating  element.  A  1,000-mL 
quartz  beaker,  to  which  the  material  for 
evaluation  will  be  added,  is  placed  into  the 
stainless  steel  cup.  The  combustion  furnace 
is  interfaced  with  the  floor  of  the  exposure 
chamber.  For  flaming  combustion,  an 
electrically  heated  wire  or  other  electrical 
ignition  source  is  used  to  ignite  the  prod¬ 
ucts  as  they  exit  from  the  furnace. 

2)  A  nominal  200-L  animal  exposure  chamber 
with  interior  dimensions  of  122  x  36  x  46 
cm  and  constructed  of  clear  polymethyl¬ 
methacrylate  or  polycarbonate.  Animal 
poits  constructed  of  polymethylmethacry¬ 
late  tubing  permit  exposure  of  six  rats  in 
the  head-only  mode  to  the  smoke  generated 
within  the  chamber.  Exposure  is  conducted 
in  the  static  mode. 

3)  Toxicological  measurements  of  lethality  as 
the  primary  end  point,  exposure  and  post¬ 
exposure  observations  of  toxic  signs  and 
animal  body  weight  determinations  during 
the  14-day  postexposure  period. 
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4)  Chemical  analyses  consisting  of  continuous 
or  frequent  measurements  of  O2,  COo  and 
CO  in  the  chamber  atmosphere  during 
exposure  and  of  blood  determinations  of 
COHb  in  two  of  the  six  animals  immediate¬ 
ly  after  termination  of  the  30-minute 
exposure. 

The  test  protocol  evaluates  a  material  under  flaming 
combustion  (at  25°C  above  the  autoignition  temperature) 
and  nonflaming  combustion  (at  2S°C  below  the  autoigni¬ 
tion  temperature). 

Radiant  Furnace  Toxicity  Teat  ("Packham  Protocol") 

This  test  method,  which  utilizes  radiant  heat  energy  in 
the  combustion  device,  has  recently  been  proposed  for 
evaluating  the  toxicity  of  smoke  by  S.C.  Packham.  The 
method  utilizes  the  same  200-L  animal  exposure  chamber 
as  the  National  Bureau  of  Standards  procedure.  However, 
both  the  combustion  furnace  and  the  experimental  proto¬ 
col  are  considerably  different.  The  combustion  chamber 
has  an  elongated  trapezoidal  shape  with  quartz  windows 
forming  the  nonparallel  sides.  The  radiant  heat  source 
consists  of  tubular  quartz,  tungsten-filament  lamps 
housed  in  parabolic  reflectors  and  positioned  on  each  side 
of  the  combustion  chamber.  Using  lamps  with  a  2,000- 
Watt  power  rating  (i.e.  200  W/linear  in.),  heat  fluxes  up 
to  7.5  W/cmz  can  be  obtained.  A  sample  holding  tray  is 
suspended  from  a  load  cell  into  the  combustion  zone  of 
the  furnace.  The  furnace  configuration  allows  testing 
based  on  exposed  surface  area  for  many  materials  such  as 
composites,  laminates,  tiles,  fabrics  and  coatings.  The 
procedure  is  intended  to  determine  if  the  toxic  potency 
of  smoke  from  the  test  material  exceeds  prespecified 
values  based  on  the  performance  of  natural  polymers 
(wool  and  Douglas  fir). 

University  of  Pittsburgh  (UPitt)  Method 

This  test  method,  developed  by  Dr.  Yves  Alarie  and  co¬ 
workers  at  the  University  of  Pittsburgh,  exposes  mice  to 
smoke  produced  from  the  ramped  heating  of  materials. 
Weighed  samples  are  heated,  starting  from  room  temper¬ 
ature,  at  the  rate  of  20°C/min.  in  a  box  furnace,  and  an 
airflow  is  maintained  through  the  furnace  for  the  entire 
heating  period.  Thermal  decomposition  products  are 
conducted  to  the  animal  exposure  chamber  via  a  60-cm 
quartz  tube.  The  furnace  effluent  is  cooled  and  diluted 
with  cold  (fried  air,  resulting  in  a  total  airflow  of 
20  L/min  through  the  animal  exposure  chamber.  Progres¬ 
sive  sample  weight  change  is  recorded  fron,  a  weight 
sensor,  allowing  thermogravimetric  analysis  (TGA)  for 
each  exposure.  The  four  male  Swiss-Webster  mice  are 
contained  in  holders  and  are  exposed  in  the  head-only 
mode  to  the  smoke  produced  by  materials.  For  all  exper¬ 
iments,  the  animal  exposure  is  initiated  at  the  tempera¬ 
ture  at  which  1.0-percent  weight  loss  is  recorded  and 
continues  for  30  minutes.  A  10-minute  recovery  period 
follows  each  exposure.  The  LCcn,  defined  as  the  sample 
weight  which  causes  death  of  hair  of  the  exposed  animals 
within  the  exposure  period  is  the  lethality  end  point.  Any 
animal  which  dies  during  the  exposure  or  the  recovery 
period  is  counted  in  the  LCjn  calculation.  The  New  York 
State  Uniform  Fire  Prevention  and  Building  Code  cur¬ 
rently  requires  that  certain  types  of  materials  are  to  be 
tested  by  this  method  and  placed  on  file  before  being 
used  in  regulated  buildings  under  its  jurisdiction. 


DIN  Method 

The  DIN  53  436  method  is  at  this  time  only  a  combustion 
apparatus  and  operating  procedure,  with  an  animaj 
response  model  not  yet  actually  designated  a  standard. 
The  method  is  characterized  by  the  use  of  a  moving 
annular  tube  furnace  operated  at  a  constant  temperature, 
with  smoke  being  diluted  with  air  before  rats  are  ex¬ 
posed.  Smoke  is  generated  dynamically.  Dose-response 
relationships  are  normally  obtained,  with  dose  being 
varied  by  dilution  of  the  smoke. 

Japanese  Government  Building  Regulation 
(JGBR)  Toxicity  Teat 

The  JGBR  toxicity  test  includes  a  radiant  heat  furnace 
(modified  UK  BS  476  Part  6  -  Fire  Propagation  Test)  and 
exposes  mice  in  a  whole  body  configuration  to  smoke 
which  is  generated  dynamically.  Eight  mice  are  placed 
in  rotary  cages  and  incapacitation  times  are  assessed. 
Incapacitation  times  are  compared  with  those  of  a  refer¬ 
ence  material. 

LUMTATIONS  OF  LABORATORY  SMOKE 
TOXICITY  TESTS 

The  ultimate  objective  of  laboratory  combustion  toxicity 
tests  may  be  stated  as  the  assessment  of  the  potential  of 
smoke  to  impair  escape  and  to  cause  lethality  in  order  to 
provide  input  data  for  an  overall  hazard  assessment  of 
materials  in  real  fires.  This  objective  is  difficult  to 
attain  because  of  two  major  limitations:  1)  the  inability 
to  reproduce,  in  the  laboratory,  the  changing  conditions 
found  in  fire  environments;  and  2)  the  relevancy  and 
validity  of  presently  used  animal  models  and  toxicological 
endpoints. 

It  is  unrealistic  to  expect  a  single  laboratory  test  to  be 
relevant  to  all  stages  of  all  fires  because  of  the  rapidly 
changing  conditions  in  a  real  fire  involving  the  dynamics 
of  fuel,  heat  and  air  interactions.  However,  all  the  tests 
would  be  expected  to  be  relatable  to  at  least  some  stages 
of  actual  fires.  This  has  been  shown  in  certain  cases. 
Most  laboratory  combustion  devices  also  present  certain 
physical  limitations  with  regard  to  specimen  size,  shape, 
assembly  or  material  thermal  decomposition  char¬ 
acteristics.  The  NBS  cup  furnace  is,  for  example,  admits 
ted  to  be  inappropriate  for  composites,  laminates,  etc. 
The  UPitt  box  furnace  has  some  difficulty  with  materials 
which  decompose  rapidly  and  generate  smoke  faster  than 
the  test  system  is  able  to  clear  it  from  the  combustion 
chamber  (personal  observation). 

With  regard  to  animal  models  and  toxicological  endpoints, 
all  of  toxicok/gy  is  plagued  with  the  question  of  the 
relevance  of  test  animals  to  exposure  of  humans.  In  the 
case  of  asphyxiant  gases  such  as  carbon  monoxide  and 
hydrogen  cyanide,  mice  and  rats  are  considered  reason¬ 
able  models,  with  animal  responses  fairly  predictive  of 
toxicological  effects  in  humans.  With  other  toxicants 
commonly  found  in  smoke  such  as  irritant  gases,  use  of 
the  rodent  as  a  model  is  highly  questionable.  Until  fur¬ 
ther  definitive  studies  are  made,  caution  must  be  exer¬ 
cised  in  extrapolation  of  laboratory  data  obtained  with 
rodents  to  predict  effects  in  humans  exposed  to  irritants. 

Because  of  their  obvious  limitations,  laboratory  tests 
should  not  be  used  to  compare  and  rank  materials  solely 
on  the  basis  of  toxicity.  Such  toxicity  comparisons  and 
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rankings  are  influenced  by  test  methodology  and  experi¬ 
mental  conditions  and  may  vary  considerably  when  these 
parameters  are  changed  in  a  test.  Other  parameters  of 
the  material,  including  flame  spread,  ignitability,  heat 
release,  smoke  obscuration  and  decomposition  temper¬ 
ature,  may  contribute  more  or  less  than  toxicity  to  the 
hazard  of  material  and  must  be  included  in  evaluating  the 
potential  hazard  of  8  material  in  a  fire.  Any  one  labora¬ 
tory  scale  toxicity  test  method  is  going  to  ignore  several 
important  aspects  of  a  fire  exposure.  Toxicity  test 
information,  when  placed  in  perspective  along  with 
essential  combustibility  properties  of  a  material,  can  be 
of  value  to  a  producer  for  purposes  of  research  informa¬ 
tion  and  guidance  relative  to  produce  development. 
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ABSTRACT 

Since  the  introduction  of  the  filled  cable  design, 
many  efforts  have  beer  made  to  improve  performance 
cf  the  filling  compound.  One  character istic  of 
the  compound  which  hcs  received  considerable 
attertion  is  high  temperature  flow.  This  charac¬ 
teristic  is  currently  evaluated  in  terms  of  oven 
drip  performance  in  the  finished  cable.  Oven  drip 
performance  can  be  affected  not  only  by  the 
chemical  composition  of  the  compound  but  also  by 
processing  conditions  encountered  during  filling. 
Current  raw  material  testing  of  compounds  dees  not 
adequately  relate  these  processing  conditions  to 
oven  drip  performance  cf  the  cable.  Without  this 
relationship,  complete  evaluations  of  newly 
developed  filling  compounds  can  not  be  made 
without  actual  cable  production.  This  step  can 
cause  disruption  in  production  schedules  and  slow 
the  evaluation  process.  To  eliminate  this  con¬ 
straint,  a  test  method  has  been  developed  which 
can  relate  raw  material  performance  in  the 
laboratory  to  oven  drip  performance  in  finished 
cable. 


INTRODUCTION 

Jn  development  of  filling  compounds  for  filled 
cable  systems,  there  are  several  key  charac¬ 
teristics  which  rou^t  be  considered.  These  charac¬ 
teristics  include: 

1.  Dielectric  constant  and  dissipation 
factor , 

2.  Compat ibil ity  with  insulating  materials. 

3.  Stability  over  service  life  of  cable. 

4.  Flexibility  at  installation  tempera¬ 
tures. 

5.  Resistance  to  flow  at  elevated  tempera¬ 
tures. 

There  exists  for  all  these  characteristics,  raw 
material  test  methods  which  attempt  to  predict 
performance  in  finished  cable.  For  those  charac¬ 
teristics  which  are  r.ot  sensitive  to  processing 
conditions,  these  test  methods  are  adequate. 
However,  for  those  which  are  sensitive  to  pro¬ 
cessing  conditions,  these  methods  are  not 
sufficient.  One  characteristic,  which  has  been 
identified  as  being  process  sensitive.  Is  resis¬ 
tance  to  flow  at  elevated  temperatures.  The  raw 
material  test  method  used  to  screen  this  parameter 


is  the  compound  flow  or  slump  test.  This  test 
consists  of  pouring  melted  compound  into  aluminum 
containers,  allowing  the  compound  to  cool,  and 
placing  the  containers  vertically  in  an  air 
circulating  at  an  elevated  temperature.  The 
compound  is  then  obstrved  for  movement  in  the  form 
of  flow  or  "slumping".  This  test  is  an  attempt  to 
predict  oven  drip  performances  of  the  finished 
cable.  The  oven  drip  test  relates  directly  to 
resistance  to  flow  at  elevated  temperatures. 

The  compound  i.,;w  test,  however,  does  nor 
correlate  to  oven  drip  performance.  This  is 
because  It  does  not  simulate  actual  processing 
renditions  encountered  during  the  filling  opera¬ 
tions.  During  these  operations,  the  filling 
compound  is  subjected  to  mechanical  shearing 
which  can  in  some  cases  cause  actual  separation 
of  the  compound  components.  Since  most  compounds 
contain  some  amounts  of  1  ow  melting  point 
materials  (i.e.  oils),  oven  drip  performance 
could  be  affected.  Most  of  these  materials  also 
develop  some  degree  of  crystallinity.  Depending 
on  time,  temperature,  and  conditions  during 
filling,  the  degree  of  crystal llnltv  and  hence 
stability  can  be  greatly  affected.  Additionally, 
the  geometry  of  the  test  specimen  used  for 
compound  flow  Is  significantly  different  than 
that  used  for  oven  drip  testing.  For  these 
reasons,  resistance  to  flow  in  the  finished  cable 
could  be  lover  even  though  raw  material  results 
would  Indicate  resistance  should  be  high. 
Because  of  this  possible  discrepancy,  a  develop¬ 
ment  program  was  initiated  to  identify  e  test 
method  which  would  simulate  process  conditions 
and  therefore  relate  raw  material  performance  to 
oven  drip  performance. 

DEVELOPMENT  OF  MFTHOD 

''Tie  initial  Investigation  focused  or.  established 
industry  test  methods.  A  review  of  the  ASTM 
procedures  revealed  a  test  method  which  could  be 
modified  for  use.  This  test  method  was  P-1742, 
OIL  SEPARATION  FROM  LUBRICATING  GREASE  DURING 
STORAGE.  The  procedure  outlines  a  method  of 
applying  pressure,  at  room  temperature,  to  a 
container  holding  a  sieve  strainer  full  of 
compound.  A  small  beaker  under  the  container 
collects  any  oil  which  flows  from  the  sieve 
strainer.  The  beaker  is  weighed  before  and  after 
testing  to  determine  the  amount  of  oil  separated. 

Since  this  procedure  was  not  specifically  written 
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for  cable  filling  compounds,  modif ications  to  the 
procedure  were  necessary.  These  modif icat ions 
were  based  on  an  evaluation  of  the  major  contri¬ 
buting  factors  which  were  considered  influencial 
on  the  rate  and  amount  of  compound  that  could  be 
separated.  These  factors  were  selected  on  the 
basis  of  simulating  process  conditions  as  well  as 
variations  in  the  current  test  method  and  sample 
preparation.  Ten  factors  were  identified  which 
could  affect  the  rate  and  amount  of  compound  that 
could  be  separated.  These  factors  and  a  descrip¬ 
tion  of  each  are  as  follows: 

1.  Test  Temperature  -  The  test  had  to  be 

conducted  at  an  elevated  temperature  due  to 
the  viscosity  difference  between  filling 
compound  and  lubricating  grease  at  room 
temperature. 

2.  Test  Pressure  -  The  test  pressure  would  be 

similar  to  that  specified  in  D-1742  due  to 
the  limitations  of  the  test  fixture. 

3.  Type  of  Compound  -  Two  different  types  of 

compounds  were  evaluated.  These  represent 
compounds  commonly  used  in  the  telephone 
cable  Industry  today. 

4.  Type  of  Insulation  Mixed  with  Compound  -  Two 
different  types  of  insulating  materials  were 
mixed  with  the  compound  prior  to  placement  in 
the  sieve  strainer.  This  factor  was  included 
in  an  attempt  to  simulate  the  actual  cable 
core  environment. 


cables.  Initial  layers  of  compound  have  solid¬ 
ified  prior  to  final  filling. 

Due  to  the  large  number  of  factors,  the  analysis 
was  conducted  using  a  concept  known  as  "Design  of 
Experiments  (DOE)".  DOE  is  a  statistical  method 
for  setting  up  and  executing  experiments.  It  is 
based  on  a  method  developed  by  Dr.  Genichi 
Taguchl  and  Professor  Yu-ln  Wu.  The  main  benefit 
of  this  method  is  that  a  number  of  variables  can 
be  evaluated  at  the  same  time  using  a  limited 
number  of  tests.  The  statistical  analysis  of  the 
results  allows  determination  of  those  variables 
(factors)  which  have  the  most  Influence  on  the 
evaluation. 

With  the  factors  established,  it  was  necessary  to 
determine  the  number  of  levels  within  each 
factor.  Two  levels  for  each  factor  were 
assigned.  These  levels,  in  most  cases,  reflected 
a  more  is  better  or  lesB  is  better  condition. 
The  factors  with  assigned  levels  are  shown  in 
lable  1.  In  addition  to  the  assignment  of 
levels,  possible  interactions  between  factors 
were  identified.  These  interactions  are  outlined 
as  follows: 

1.  Test  temperature  and  pressure  (A  &  B) . 

2.  Mixing  temperature  and  amount  of  agitation  (F 

&  G). 

3.  Mixing  temperature  and  rate  of  cool  down  (F  & 

H). 

4.  Mixing  temperature  and  amount  of  working  (F  & 

X). 


*>.  Amount  of  Insulation  Material  Mixed  with 
Compound  -  This  relates  to  previous  factor. 
The  amount  was  based  on  a  percentage  of  the 
compound  weight. 

6 ,  Temperature  of  Compound  During  Mixing  of 
Insulation  Material  -  The  temperature  at 
which  the  Insulating  material  was  added  to 
the  compound  was  controlled.  This  relates  to 
application  temperature  ot  the  compound  in  a 
cable  core. 

7.  Amount  of  Agitation  of  Compound  During  Mixing 
of  Insulation  Material  -  The  amount  of  mixing 
was  controlled  by  means  of  mechanical 
stirring  or  hand  stirring.  This  relates  to 
possible  shearing  of  the  compound  immediately 
after  filling. 


After  the  factors  and  interactions  were  estab¬ 
lished,  the  selection  of  a  be6t  fit  orthoglnal 
table  and  corresponding  linear  graph  was  done. 
Since  there  were  ten  (10)  factors  at  two  jj2) 
levels  and  four  (4)  interact  ions ,  an  L.,  (2  ) 
orthoglnal  table  was  chosen.  The  ortnoginal 
table  with  the  factors  assigned  to  each  column  is 
located  in  Table  2.  The  corresponding  linear 
graph  used  to  assign  columns  to  each  factor  and 
interaction  in  the  orthoglnal  table  is  shown  in 
Figure  1.  The  interaction  columns  shown  in  the 
linear  graph  between  5  and  14,  5  and  6,  and  6  and 
4  were  not  used.  Because  of  this,  the  results 
assigned  to  factors  C  (type  of  compound),  D 
(addition  of  hot  compound),  and  e  (error  term) 
may  be  influenced  by  those  interactions  if  they 
are  strong.  From  the  orthoglnal  table,  sixteen 
(16)  experiments  were  established. 


8 .  Fate  of  Cool  Down  of  Compound/Insulat ion  TABLE  1 

Mixture  -  This  factor  relates  to  cooling  rate 

of  the  cable  core.  FACTORS  AND  LEVELS 


Amount  of  Working  (mechanical  shearing)  of 
Cooled  Compound/Insulat ion  Mixture - The 
compound /insul at ion  mixture was  physically 
worked  prior  to  placement  in  the  sieve 
strainer.  This  relates  to  the  additional 
mechanical  shearing  which  may  occur  in 
winding  of  a  cable  on  a  reel. 


A.  Test  Temperature 

1.  65  °C 

2.  80  °C 

B.  Test  Pressure 

1 •  0.44  psi 

2.  0.88  psi 


10.  Addition  of  Hot  Compound  to  Cooled 
Compound /insulation  Mixture  Prior  to  TeBt  - 
This  factor  relates  to  subsequent  filling 
operations  which  may  occur  in  multi-unit 


C.  Type  of  Compound  (Petrolatum-based) 
1 .  Compound  A 
2m  Compound  B 
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D.  Addition  of  Hot  Compound  to  Cooled 
Compound /Insulation  Mixture 

1.  No  addition 

2.  Addition  at  225°F  (852  solid,  15* 
liquid,  by  weight) 

E.  Percentage  by  Height,  of  Pellets  Added  to 
Compound 

1.  25* 

2.  50* 

F.  Temperature  of  Compound  During  Mixing  of 
Insulation 

1.  190'F 

2.  225“’F 

G.  Amount  of  Agitation  of  Compound  During  Mixing 
of  Pellets 

1.  Light  (hand  stirring  -  6  minutes) 

2.  Heavy  (mechanical  stirring  -  15  minutes) 

H.  Rate  of  Cool  Dovn  of  Compound/Insulation 
Mixture 

1.  Slow  (room  temp.  72°F  constant) 

2.  Fast  (methanol  bath  -  20<’C  constant) 

I.  Working  of  Cooled  Compound/Insulation  Mixture 

1 .  No  working 

2.  Horking  (hand  kneading  -  10  minutes) 

J.  Type  of  Insulation  (Pellets) 

1.  High  density  polyethylene 

2,  Polypropylene 


TABLE  2 

ORTHOGINAL  TABLE 


FIGURE  1 
LINEAR  GRAPH 


Samples  were  prepared  and  conditioned  as  required 
per  the  orthoglnal  table.  Sample  quantities  were 
?20  grams.  Tills  allowed  two  identical  experi¬ 
ments  to  he  conducted  per  preparation  and  condi¬ 
tion  sequence.  The  compound /insulation  mixture 
was  then  placed  in  the  sieve  strainer.  The  sieve 
strainer  was  placed  in  the  base  of  the  oil 
separator  apparatus  and  weighed.  This  weight  was 
subtracted  from  the  weight  of  the  empty  sieve 
strainer  and  base.  This  was  to  insure  uniformity 
in  compound /insulation  mixture  weights  between 
experiments.  The  entire  oil  separator  apparatus 
was  then  assembled.  A  complete  break  down  of  the 
oil  separator  apparatus  is  found  in  Figure  2. 
This  oil  separator  apparatus  was  then  placed  in 
an  air  circulation  oven  maintained  at  the 
specified  temperature  (i2'C) ,  Pressure  through 
the  apparatus  was  generated  by  an  air  compressor 
and  regulated  by  the  use  of  a  mercury  U-tube 
manometer.  Pressure  was  regulated  to  ♦  0.C5  psi. 
Figure  3  provides  a  complete  description  of  the 
test  set-up.  The  experiments  were  conducted  over 
a  time  interval  of  seven  hours.  The  catch  pan 
was  removed  each  hour  and  any  compound  found  was 
weighed.  After  the  seven  hour  test  period,  total 
compound  accumulation  was  recorded. 


FIGURE  2 

OIL  SEPARATOR  APPARATUS 
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FIGURE  3 


TEST  SET-UP 


RESULTS  OF  COMPOUND  SEPARATION  TESTING 


The  total  compound  accumulation  tor  both  runs  of 
each  experiment  was  determined  and  la  summarized 
in  Table  3.  The  statistical  analysts  as  outlined 
in  the  Taguchi  Method  was  then  performed.  The 
main  part  of  this  analysis  Is  to  construct  an 
ANOVA  (analysis  of  variance)  table.  The  key  parts 
of  the  ANOVA  table  are  the  variance  due  to  each 
function  (V),  the  variance  ratio  due  to  each 
function  (F)  and  the  degree  of  contribution  of 
each  function  (p).  The  variance  (V)  gives  an 
indication  of  what  factors  influence  variation  in 
results.  The  greater  the  number  the  more  variabi¬ 
lity  its  factor  has  on  the  results.  The  variance 
ratio  (P)  provides  a  test  to  determine  the  signifi¬ 
cance  of  the  factor's  variation  in  comparison  to 
the  correction  factor  and  error  variance.  This 
test  is  sometimes  referred  to  as  the  F-test  and 
uses  a  table  developed  by  R.A.  Fisher  to  show 
corresponding  numbers  at  5Z  and  17  significances. 
By  comparing  the  calculated  variance  ratio  numbers 
to  values  located  In  the  table,  the  degree  of 
significance  of  each  factor  can  be  determined. 
The  degree  of  contribution  (p)  allows  the  experi¬ 
menter  to  express  the  significant  factors  in  order 
by  assigning  a  percentage  of  contribution  to  the 
total  variation.  Table  A  represents  a  sunmary  of 
the  compiled  ANOVA  for  these  experiments. 

From  the  ANOVA  table  it  is  clear  that  the  most 
significant  factor  is  the  rate  of  cool  down  on 
the  compound  after  mixing  in  the  insulation 
material  (Factor  H) ,  Its  contribution  accounts 
for  35Z  of  the  total  variation  in  the  results. 


The  next  significant  factor  is  the  test  tempera¬ 
ture  (Factor  A)  which  contributed  20Z  to  the 


TABLE  3 


COMPOUND  SEPARATION  RESULTS 


Experiment 

Huabct 


Run  #1 

Total  Ac cun (a) 


Run  92 

Total  Accun(a) 


1 

2.0877 

2.5885 

2 

1.3232 

0,5669 

3 

2.4568 

1.4958 

4 

0.1941 

0.4418 

5 

0.3127 

0.3932 

6 

1.5150 

0.9393 

7 

0.7031 

0.7513 

e 

0.5485 

0.6941 

9 

2.9151 

3-0241 

10 

0.7290 

0.7193 

1! 

2.7335 

2.8065 

12 

1.0095 

0.6633 

13 

2.3299 

1.8976 

14 

2.0980 

1.2982 

15 

1.1663 

0.8139 

16 

2.4383 

1.9025 
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TABI.E  4 


FIGURE  4 
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total  variation.  These  are  followed  by  the  factor 
on  working  the  compound  (T)  and  the  type  of 
compound  (C) .  Each  of  these  four  significant 
factors  was  then  analyzed  ns  to  which  level  caused 
the  greatest  amount  of  compound  accumulation. 
This  was  done  by  finding  the  average  compound 
accumulation  where  column  A»1  experiments  and 
comparing  that  to  the  average  compourd 
accumulation  where  column  A=2,  A  graph  of  this 
factor  for  each  level  was  then  constructed.  This 
procedure  was  repeated  for  the  ether  three 
factors,  These  graphs  can  be  found  in  Figure  A. 
In  the  case  of  test  temperature,  the  higher  the 
temperature,  the  greater  the  amount  of  compound 
separation.  For  rate  of  cooling,  the  slower  the 
rate  the  greater  the  amount  of  compound 
separation.  Of  surprise,  was  the  factor  that  no 
working  of  the  compound  actually  created  more 
compound  separation  than  working  did.  Practical 
experience  has  proven  that  shearing  forces  en¬ 
countered  during  the  manufacturing  process  can 
indeed  cause  compound  separation.  The  shearing 
forces  generated  during  this  evaluation  were  not 
of  the  magnitude  or  duration  necessary  to  cause 
this  situation  to  occur.  In  regard  to  type  of 
compound,  compound  B  was  found  to  have  less 
accumulation  of  residue  than  compound  A. 


SIGNIFICANT  V  AC  TORS 
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ESTABLISHMENT  OF  TEST  PROCEDURE 


Based  on  the  results  obtained  during  this  evalua¬ 
tion  of  compound  separation,  the  following  sample 
preparation  and  testing  environment  was 
established : 

1.  Test  temperature  -  PO*C. 

2.  Test  pressure  -  0.44  psi. 

3.  T\pe  of  insulation  mixed  with  compound  -  high 
density  polyethylene. 

4.  Amount  of  insulation  material  mixed  with 
compound-25*  by  weight. 

5.  Temperature  of  compound  during  mixing 
22  5°  F 

6.  Amount  of  Agitation  -  hand  mixing. 

7.  Rate  of  cool  down  -  slow. 

P.  Working-none . 

9.  Addition  of  hot  compound  -  none. 

To  thi9  point,  all  testing  had  focused  exclusively 
on  pet rolaturo-based  compounds.  Gel-type  compounds 
were  then  included  in  the  evaluation.  Turing  this 
screening  process.  It  was  discovered  that  the 
procedui e  established  above  yielded  results  which 
were  verv  inconsistent .  ~his  inconsistency  was 
traced  back  to  the  filling  of  the  sieve  strainer. 
Filling  of  the  sieve  strainer  wa9  conducted  alter 
the  compounc  had  cooled  to  room  temperature.  Due 
to  the  consistency  of  the  petrolatum  component  at 
rocm  temperature.  this  filling  could  be  accom¬ 
plished  with  no  difficulty.  However,  with 
gel -type  compounds,  the  rubber  component  of  these 
formulations  caused  the  material  to  flake  or 
crumble  at  room  temperature.  This  made  filling 
the  sieve  strainer  at  room  temperature  extremely 
difficult.  Therefore,  a  ircd.if  icatlon  based  on 
compound  type  was  necessary.  For  gel  type  com¬ 
pounds  ,  following  addition  of  the  polyethylene 
pellets,  the  mixture  was  poured  into  the  sieve 


strainer.  The  mixture  was  then  allowed  to  slowly 
cool  back  to  room  temperature.  Testing  was 
conducted  as  described  previously.  Results 
obtained  this  time  were  much  more  consistent  with 
similar  variations  as  observed  with  the  petro¬ 
latum  -  based  compounds. 

CORRELATION  TO  OVEN  DRIP 


With  the  test  procedure  established  for  both 
petrolatum-based  and  gel-type  compounds,  correla¬ 
tion  of  these  results  to  actual  oven  drip  per¬ 
formance  in  finished  cables  was  conducted.  A 
total  of  five  different  filling  compounds  were 
evaluated.  These  included  three  petrolatum-baaed 
compounds  and  two  gel-type  compounds.  The  first 
two  petrolatum-based  compounds  (Compound  A  and 
Compound  B)  were  those  used  in  the  original  DOE 
testing.  Several  experimental  cable  runs  were 
then  made  with  each  of  the  five  compounds.  These 
cables  were  tested  ..for  oven  drip  performance  at 
80°C  per  ASTM  D4565  .  Table  5  and  table  6  repre¬ 
sent  a  summarization  of  the  oven  drip  performance 
with  corresponding  compound  flow  data.  The  data 
shows  that  compounds  which  exhlhlt  high  amounts 
of  compound  flow  also  have  poor  oven  drip 
performance.  In  addition,  those  compounds  which 
show  little  or  no  compound  separation,  exhibit 
good  over  drip  performance. 

TABLE  5 


OVEN  DR  TP  PERFORMANCE 
PETROLATUM- BAS ED  COMPOUNDS 


COMPOUND 

A 

COMPOUND  FLOW  -  2. 

16  */ 

7  hrs. 

100/26 

t  cam 

skin 

polyethylene 

5/6 

f al lures 

400/26 

i  oam 

skin 

polyethylene 

6/6 

failures 

1 100/24 

solid 

polypropylene 

3/6 

failures 

26/24 

solid 

polypropylene 

6/6 

failures 

COMPOUND 

B 

COMPOUND  FLOW  -  0. 

73  f,l 

7  hr6. 

10/2  2 

foam 

skin 

polyethylene 

1/6 

failures 

400/26 

f  oam 

skin 

pel yethy lene 

1/6 

failures 

21/22 

solid 

polypropylene 

1/6 

failures 

COMPOUND 

C 

COMPOUND  1L0W  -  0 

.02  g/  7  hrs. 

400/24 

foam 

skin 

polyethylene 

0/6 

failures 

200/22 

t  oam 

skin 

polyeth v lent 

0/6 

failures 

100/24 

sclld 

polypropylene 

0/6 

failures 

TABI.F  6 

OVEN  DRIP  PERFORMANCE 
C El -TYPE  COMPOUNDS 


COKPOtWD  A  COMPOUND  FLOk  -  3.56  g/  7  hrs. 


100/24 

600/26 

200/22 


foam  skin  polyethylene 
foam  skin  polyethylene 
foam  skin  polyethylene 


6/6  failures 
6/6  failures 
6/6  failures 


COMPOUND  B  COMPOI^P  FLOW  -  0.02  g/  7  hrs. 


100/24 

100/24 

100/24 


foam  skin  polyethylene 
foam  skin  polyethylene 
foam  skin  polyethylene 


0/6  failures 
0/6  failures 
0/6  failures 
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CONCLUSIONS 


Both  potto  latum-based  and  gal-type  filling 
co* pound*  can  be  evaluated  In  terms  of  compound 
flow  performance  using  a  modified  version  of  ASTM 
D-1742.  Additional  modification  in  sample 
preparation  la  necessary  In  tasting  gel-type 
caapounde  vereus  petroletu*-based  compounds. 
This  compound  flow  performance  can  be  directly 
related  to  oven  drip  performance  in  the  finished 
cable.  Those  costpounde  which  exhibit  low 
resistance  to  compound  separation,  demonstrate 
poor  oven  drip  performance  In  finished  cable. 
Those  compounds  which  exhibit  high  resistance  to 
compound  separation,  demonstrate  good  oven  drip 
performance  In  finished  cable. 

Additionally,  soma  correlation  between  compound 
flow  of  the  row  material  and  resistance  to  oil 
separation  In  the  finished  cable  may  be  possible. 
This  would  be  of  significant  importance  regarding 
the  evaluation  of  ETPR  (Extended  Thermoplastic 
Rubber)  compounds  which  contain  high  amounts  of 
oil.  Further  evaluation  la  necessary,  however, 
before  this  correlation  can  be  substantiated. 
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ABSTRACT 

Many  of  the  optical  fiber  splices  that  are  being  used  for  splicing 
telephone  cables  require  cleaved  fiber  ends.  The  performance  of 
these  splices  greatly  depends  on  the  quality  of  the  cleaves  that  are 
used  in  the  splices  1  he  performance  of  cleaving  tools  that  are 
on  the  market  vanes,  and  even  the  best  tools  do  not  always 
produce  excellent  results 

A  program  for  analyzing  cleaving  tools  has  been  developed  by. 
a;id  is  being  used  by,  Bell  Communications  Research  In  this 
program  the  tools  are  subjected  to  tests  that  simulate  usage  by 
telephone  company  personnel,  and  the  quality  of  the  cleaves 
produced  by  the  tool  is  classified  An  analysis  program  for  a 
cleaver  requires  the  classification  of  200  cleaves 

1  he  classification  is  based  on  observation  of  cleaved  liber  ends 
under  an  interferometric  microscope  I  he  angle  of  the  cleave  is 
measured,  defects  arc  idcntilicd  and  measured,  and  a  classification 
is  assigned  to  each  cleave 


iMKomrnoN 

Most  of  the  splicing  procedures  for  optical  libers  require  that  the 
ends  of  the  fibers  be  cleaved  Ihe  power  loss  m  splices  that  use 
cleaved  fibers  depends  largely  on  the  quality  of  the  cleaves  that 
are  used  in  the  splice  I  he  cleaving  tool  is  therefore  an 
important  factor  in  splicing  optical  libers  Poor  cleaves  result  in 
a  low  yield  ol  splices  that  have  acceptable  loss  Splices  with 
unacceptable  loss  must  be  removed  and  the  splice  remade  I  "he 
time  required  lor  relabncating  splices  is  lost  to  production 
I  urthermore.  when  a  splice  crew  is  faced  with  a  senes  of  splices 
with  high  loss,  they  will  tend  to  accept  splices  with  higher  loss 
than  would  otherwise  have  been  acceptable 

1  iber  ends  that  are  to  be  spliced  must  be  flat,  smooth,  and 
perpendicular  to  the  axis  of  the  fiber  (  leaving  is  a  quick  and 
simple  method  lor  prepanng  libcT  ends  lor  splicing  Glass  is  a 
bnttlc  material,  and  under  controlled  conditions  glass  libers  can 
be  made  to  fracture  in  »uch  a  way  that  the  end  surfaces  arc 
suitable  for  use  m  splices  Ihcrc  arc  two  steps  in  cleaving  a  fiber 
score  it.  then  stress  it  (  leaving  tools  for  optical  libers  perform 
both  steps  Hie  quality  of  the  cleave  depends  on  the  score  that 
the  too)  makes  on  the  fiber  and  on  the  stress  distribution  that  the 
tool  establishes  in  the  liber  at  the  instant  that  the  fracture  occurs 

Ihe  ideal  cleaver  will,  even  in  the  hands  of  an  inexperienced 
operator,  produce  nearly  perfect  cleaves  every  time  it  is  operated 
I  he  performance  of  the  tools  currently  on  the  market  vanes,  and 
even  the  best  tools  do  not  produce  excellent  cleaves  all  the  time 


PROG  RAM  1  OR  AN'Al  Y/ING  OPTICAL  1  1B1R 
(  1  I  AVI  RS 

A  Technical  Reference  (TR)  which  outlines  the  entena  for 
cleavers  in  a  telephone  company  environment  has  been 
developed  by  Bell  Communications  Research  *  Included  in  this 
TR  is  a  program  for  testing  the  compatibility  of  the  individual 
cleaver  tool  with  the  entena.  Hus  program  has  three  phases 
which  are  conducted  in  the  following  order 

1  Initial  Performance  Analysis 

2  Simulation  of  Held  l  sage  of  the  Cleaver 
}  I  inal  Performance  Analysis 

In  the  Initial  Performance  Analysis,  five  operators  who  have  had 
no  previous  cxpcncncc  with  the  tool  that  is  being  analyzed  are 
selected  to  produce  the  cleaves  for  the  analysis  1  ach  operator  is 
instructed  in  the  use  of  the  tool  and  is  then  asked  to  make  20 
cleaves  with  the  tool  for  the  Initial  Performance  Analysis.  fiber* 
from  four  different  vendors  are  used  I  ach  of  the  five  operators 
makes  live  cleaves  with  each  of  the  four  types  of  fiber,  and  the 
quality  of  each  of  the  resulting  100  cleaves  is  then  measured 

During  the  Simulation  of  f  ield  l  sage,  the  tool  is  exposed  to  a 
senes  of  tests  that  simulate  use  of  cleaving  tools  in  a  telephone 
company  environment  The  tool  is  exposed  to  vibration, 
mechanical  shock,  thermal  shock,  and  temperature  and  humidity 
cycling,  and  is  used  to  produce  900  additional  cleaves 

In  the  Pinal  Performance  Analysis,  the  onginal  five  operators 
produce  a  second  set  of  100  cleaves,  and  the  quality  of  these 
cleaves  is  measured 

I  his  paper  presents  the  procedures  used  in  this  program  for 
classifying  the  quality  of  cleaves  produced  by  the  cleaving  tools 

Cl  1  AMD  SI  RI  AC1  ANGIT 

Ihe  single  fciture  most  frequently  used  to  charactcn/c  the 
quality  of  a  cLavc  is  the  end  angle  of  the  fiber  This  is  the  angle 
that  the  cleaved  surface  makes  with  a  plane  perpcndicul-r  to  the 
axis  of  the  liber  The  angle  is  measured  with  an  interferometric 
microscope  I  nnge  patterns  observed  in  the  microscope  serve  as 
contour  line  that  graphically  illustrate  the  topology  of  the 
cleaved  surface  The  cleave  angle  as  well  as  other  information 
needed  to  analyze  a  cleave  is  contained  in  this  fringe  pattern. 
I  his  information  can  be  easily  observed,  and  the  fnnge  pattern 
can  he  recorded  for  future  reference 


•  I  R  ISY  0002M,  Optic*]  Fiber  C leaving  Tool*.  Issue  I. 
December  IVXft  Bell  tommumcaiions  Research 
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I  he  operation  ot  an  iriterlenmietne  muroMojv  is  illustrated  in 
l mure  I 
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Beam  splitting  mirror 


I  igurt*  I  Inlerteroineter 


t  leaved  surfaces  Ihhuvvi  are  ee  net  ails  not  flat  .mil  there  rnav  he 
.uea'  that  are  too  roudi  to  produce  wile  tier  cnee  patterns 
Iheietoie  an  wluonlhm  ».i'  develop'd  to  define  the  erul  .wide 
t-w  these  eases  1  ho  algorithm  o  illustrated  in  I  retire  t 


Vi  ,|»t  i 
A- 1  a 


It  tlie  ohjeet  heme  Me  wed  ha>  a  smooth  tellevline  'urt-ue  Itinee 
patterns  will  he  seeri  throudi  the  muroxofv  tli.il  represent 
lontour  line'  ot  soiotant  distance  horn  the  rcletciue  pl.nu  Ih. 
contour  hues  will  appear  on  the  surl.ue  ot  t ):«.  objc»  l  at  ml.iotl' 
that  vone'pi'iul  to  dillefetiees  in  distance  from  the  refer;  ru. 
plum  ol  1  >  the  w  av»  leneth  » »t  the  lidit  Kine  used  to  lilumm.ih 
the  ohjeet  iireeti  held  with  a  wavelength  ol  li  -'4r-  murom  |. 
eenertllv  used  in  mierlerometru  mu  rose  opes  With  this  hdit 
the  distance  tvtween  contour  lines  c  one \|M»nds  te*  diltcreiu es  m 
dot Uiee  Iroin  the  reference  plane  ot  ■»  '  microns 

!  or  these  measurements,  the  e leaved  etui  ot  a  liber  i'  mounted  in 
the  Iield  ol  Mew  ol  the  microscope  wrtli  the  axis  of  the  hlvt 
perpendicular  to  the  reference  plane  ll  the  end  ol  the  hKr  i- 
Mat  a  pattern  ot  'tr.udit  parallel,  cvctilv  spaced  Innev'  will  lx 
observed,  and  the  ande  ot  the  cleave  m.»v  lx  measured  bv 
lountwie  the  number  ol  tnnees  fl  the  tdvr  has  a  diameter  of 
U1'  mu rons  there  will  be  eidit  tnnees  jvr  decree  I  he  irrtaee  of 
the  end  ot  a  v leaved  liber  as  dopl.ived  on  a  video  monitor  is 
illustrated  m  I  ieure  '  I  here  are  three  tnnees  m  this  unaee 
a liu I:  mduales  that  this  cleave  has  .,n  .wide  ot  atxmt  "4  decree 


figure  2.  Interferometer  I  nd  \nde  f»4  .  No  IXfeds 

\neul.w  measurements  ol  the  erul  ol  a  liber  in  these  unalvses  are 
.ueurate  to  within  <i  2  Kesolulioii  is  belter  than  one  tnnee 
* 1 1  1  ' ^  i  and  the  perpendiculantx  between  the  lilvr  and  the 
ntcreiuc  plane  is  maintained  to  within  n  OS 


I  retire  V  Method  I  u  M.i'urinc  I  ilvr  I  nds 

I  he  lust  step  in  the  aleonthm  is  io  divide  the  end  ol  the  liber 

mt'  two  areas  dctedive  .ue.»'  and  measured  areas  Deleitive 

we  areas  that  an.  too  roudi  to  produce  mterfererue 

j  .ittvtiis  ,>r  that  have  a  slope  ot  more  than  l"  Measured  areas 
.if.  tie. i>  that  are  smooth  etioudi  to  produce  interference 

\  .dtellis  wul  have  a  slojv  ot  less  than  I'l 

I  he  second  step  in  the  aleonthm  is  to  pass  line  \  H  throueh  the 
inc  rated  area  of  the  fiber  /me  \  H  is  pownomd  so  that  if 
inter sests  the  etc.itest  deioiiv  ot  tnnees  wul  passes  throueh  the 
i  .lit.  r  ol  the  libel  I’oit.ls  \  and  li  lie  on  the  boutularv  ot  the 
in;  .I'lili  d  alea 

I  he  third  'tep  is  to  count  the  number  o!  tnnees  that  intersect 
line  \  H  and  fo  measure  the  leneth  ot  line  A  -  li  Hits  leneth  i> 
dviennined  relative  to  the  diameter  ol  the  hher  ll^S  microns* 

1  or  a  hlvr  that  »s  IJs  rnurons  m  d.ameler  the  cleave  ande  is 
c  ah  ul  .fed  .o  follow  s 

I 

S 

i«  - 

X 

FTs 

where  J  is  the  nuitilvr  ol  tnnees  between  A  am1  !’  and 
v  is  the  leneth  ot  line  A  li 

ill  win  m  ki  \u  ni  1 1  (  is 

I  he  detective  areas  over  which  measurements  tor  ande  eatmot  Iv 
made  rnnsl  also  lx-  considered  in  the  analvsis  ol  a  cleave 

I  he  procedure  tor  unulv/ine  delects  is  based  on  the 
interlerornetnc  patterns  associated  with  the  detective  areas  |  idil 
Jistimi  patterns  have  been  identilied  m  the  course  of  exammme 
several  hundred  cleaves  I  he>e  patterns  provide  the  basis  U ->r  the 
sv stern  tor  classdvme  detective  areas  I  he  etjjit  detects  used  m 
the  elassiluation  .ire  score,  lip  rolloll.  chip  spiral,  step 
hue hle-misl  and  shattered  Dunrij!  the  analvsis  the  M/e  of  each 
detect  other  than  shattered'  is  recorded 
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IX‘H.npi!im>  ot  each  ol  these  detects  follow,  along  with  a  line 
drawing  and  a  photograph  of  the  fringe  patterns  Jor  seven  of  the 
detects  ( figures  4  through  U»l  The  si/c  fy ")  of  each  of  type  of 
detect  is  also  defined  in  figures  4  through  10.  Ihe  eighth  detect 
is  defined  hut  not  illustrated  because  the  entire  surface  is 
defective  no  fringe  patterns  are  developed 


A  score  is  the  area  that  is  damaged  when 
the  fiber  is  scored  preparatory  to  beinu 
cleaved  1  he  score  area  is  generally  small 
1  f  igure  4). 


•  Roilotl  A  roliolf  is  the  mirror  image  of  a  lip 

(figure  6). 


figure  6.  RollollI  )eleet 


I  igure  4.  Score  Detect 


*  (  h,P  A  similar  to  a  rollofl  except  that  it 

has  a  diary*  edge  where  the  chip  begins 
( 1  igure  ') 


figure  5,  I  ip  IXtect 


I  igure  7.  (  hip  IVlcct 
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A  spiral  has  .1  discontinuilv  at  the  edge  ol 
the  liber  where  there  is  a  change  m 
elevation  m  which  fringe  patterns  are  not 
distinguishable  I  mutes  radiate  out  trom 
tins  pond  !  I  1  jure  's  i 


1  igurc  S.  Nj  :  J  I  X  ki  t 


\  step  ]'  'imil.ii  to  i  spiial  e \tept  that  the 
point  ol  disconlirtnitv  extend'  further  into 
the  liber.  and  the  Innees  Jo  i;«  t  in  general 
ladiatc  cvenb  1  lueure  *1) 


I  idlin’  Step  IX  kit 


•  Hackle  Mist  Hackle  arul  mist  are  rough  areas  that  do  not 
develop  smooth  continuous  fringes 
ll  Jgurc  ]H). 


figure  10.  H.ukle- Mi't  IV  lei  t 


*  Shattered  A  shattered  end  is  a  broken  sliver  of  glass. 

I  hete  are  no  Mat  areas,  and  onlv  a  small 
atea  can  be  brought  into  locus  at  an>  one 
time  1  Sol  illustrated  1 


(  I  \ssll  It  A  1  ION  Ol  til  A\  l  S 

I  he  1  lassiiuatjoii  v.stem  assigns  to  eaih  cleave  a  rating  ol  A.  H. 
or  t  on  the  basjs  ol  the  end  angle,  the  d  -4  ,ets  that  are  present, 
and  the  si/c  ot  the  detects  I  lie  Hassihe  ations  and  their 
ilelimtioiis  arc: 

\  I  lie  cleave  surface  is  Mat  with  a  mirror  finish  and  has  an 
angle  ol  less  than  1  degree 

B  I  he  cleave  surface  has  at  most  onlv  minor  defect'',  and 
the  angle  is  less  than  -  degrees. 

C  I  he  cleave  surface  has  major  defects  and  or  an  angle  of 
more  than  2  degrees.  (C  leaves  m  this  cai  gory  are  t  ot 
considered  to  be  satisfactory  for  telephone  eornpam 
splicing  ) 

lo  classitv  a  cleave,  the  end  angle  is  determined  and  the  delects 
are  identihed  and  measured  A  classification  trom  I  able  I  is 
.  . cued  to  the  angle  and  to  each  ol  the  delects.  I  he 

classification  lor  the  cleave  is  the  lowest  ol  these  classifications 

I  he  overall  objective  id  tins  classification  svstctn  is  to  rank  order 
ik  tves  on  the  bans  ol  their  expci  ted  performance  in  a  splice 

I  lie  1  I.issiIk ation  s\stem  was  developed  on  the  basis  of 
cvpcTicTki  in  making  sphees  and  a  review  ol  the  requirements  tor 
.1  good  'pin  e 

fhe  three  rvijuiiemcrits  }<?r  a  coot!  spike  are 

1  I  he  1  ore  areas  ol  the  two  hbers  should  be  in  ■. ontaet 

2  (  lie  1  ore  areas  should  be  minor  smooth 

'  I  heic  should  be  no  gaps  or  lavities  in  the  interface  bei  nil 
fhe  two  liber' 
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Table  I.  ('leave  Classification  System 


('leave  Quality  Rating 

A 

B 

c 

IXfect  Type 

lXTect  Distance 

in  Microns  (liber  edge  to  core)  1 

Score 

<  12 

12-20 

>20 

I  ip 

0 

0 

>0 

Rolloff 

0 

<  15 

>  15 

('hip 

0 

<  20 

>20 

Spiral 

0 

<  15 

>  15 

Step 

0 

<  20 

>20 

Ilacklc  Mist 

<  10 

10-20 

>20 

Shattered 

(Note  1) 

End  Angle 

>:  r 

|C  _  -><• 

>  2° 

Note  1.  The  quality  rating  for  all  shattered  ends  is  C. 


l'he  weighting  to  be  to  given  to  each  of  the  defects  was  based  on 
the  effect  thc>  would  have  on  producing  a  low-loss  splice.  1  or 
example,  a  lip  is  a  rather  serious  defect  in  that  it  separates  the 
fiber  ends,  whereas  with  a  chip  the  core  and  most  of  the  fiber 
end  can  be  in  contact.  Consequently,  a  cleave  with  a  lip  of  any 
M/e  is  classified  as  C.  whereas  a  cleave  with  a  chip  of  19  microns 
may  be  classified  as  B. 


William  W.  Wood 
Bell  Communications  Research 
435  South  Street 
Morristown  New  Jersey  0796(1 


Mr.  Wood  is  a  Member  of  the  Technical  Staff  at  Bell 
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REsnrs 

The  data  in  Bellcore  product  analysis  reports  are  proprietary  and 
are  released  only  to  the  former  Bell  Operating  Companies 
sponsoring  the  analysis  and  to  the  manufacturer  of  the  particular 
tool.  However,  a  few  general  conclusions  can  be  presented  from 
the  tests  that  have  been  conducted  so  far. 

Tight  tools  have  been  tested.  l'he  results  of  these  tests  showed 
large  variations  between  tools,  l’he  best  tools  had  only  60%  of 
their  cleaves  in  the  A  or  B  classification.  The  poorest  cleavers 
had  no  cleaves  in  the  A  classification  and  50%  of  their  cleaves  in 
the  C  classification. 

Most  of  the  tools  showed  no  significant  change  in  performance 
as  a  result  of  the  simulated  field  usage.  Some  tools  however 
show  a  significant  variation  in  performance  with  different 
operators.  This  is  important  since  it  indicates  that  the 
performance  of  these  tools  is  sensitive  to  the  technique  used  by 
the  operator.  It  may  indicate  a  need  for  additional  procedures 
for  training  in  the  use  of  these  tools  and/or  redesign  to  reduce 
operator  sensitivity. 
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A  METHOD  OF  DETERMINING  THE  PERCENT  EXPANSION  OF  CELLULAR  INSULATIONS 
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ABSTRACT 

The  percent  expansion  of  cellular  insulations, 
defined  as  the  ratio  of  the  volume  of  gaseous 
cells  or  voids  in  the  insulation  to  the  total 
volume  of  the  insulation,  is  of  prime  interest  to 
the  cable  design  engineer.  It  allows  the  material 
usage  required  for  a  particular  insulation  design 
to  be  calculated. 

A  detailed  analytical  method  for  measuring  the 
percent  expansion  of  cellular  insulations  based  on 
the  determination  of  the  insulation  density  using 
a  liquid  displacement  technique  is  presented. 
Direct  measurement  of  the  percent  expansion  of 
foam  insulation  and  of  the  apparent  percent 
expansion  of  foam/skin  insulation  is  possible  with 
this  technique.  No  assumptions  or  measurements  of 
dimensions  are  required  for  these  determinations. 

A  mathematic  calculation,  based  on  the  dimensions 
of  the  copper  diameter,  insulation  diameter,  and 
skin  thickness,  allows  the  percent  expansion  of 
the  foamed  portion  of  the  foam/skin  insulation  to 
be  determined. 


INTRODUCTION 

Percent  expansion,  the  ratio  of  the  volume  of 
gaseous  cells  or  voids  in  cellular  insulation  to 
the  total  insulation  volume,  is  a  necessary  design 
parameter.  It  is  necessary  for  calculating  the 
material  usage  in  a  cable  construction  and  is  a 
consideration  in  cable  design  since  the  parameter 
may  influence  the  electrical  and/or  physical 
properties  of  the  insulation.  The  dielectric 
strength  of  the  insulation  and  hence  its  ability 
to  meet  the  conductor  to  conductor  High  Voltage 
Tests  of  various  cable  specifications,  and  the 
tensile  strength  and  compression  strength  of  the 
insulation  are  all  properties  which  are  directly 
affected  by  the  percent  expansion  of  the  insula¬ 
tion.  In  addition,  while  insulation  diameter  and 
coaxial  capacitance  are  used  as  process  parameters 
to  control  the  cellular  extrusion  process,  measure¬ 
ment  of  percent  expansion  provides  a  relative 
quality  control  check  of  the  cellular  insulation, 
independent  of  process  conditions,  temperature,  or 
line  speed. 


Cellular  insulation  as  it  was  first  introduced  in 
the  United  States  in  1973  was  in  the  form  of  foam 
insulation.  This  design  distributes  small 
gaseous  cells  uniformly  throughout  the  cross- 
section  of  the  Insulation  and  lends  itself  more 
easily  to  exact  measurement  of  the  percent  of 
expansion. 

Today,  however,  loam  insulated  conductors  have 
been  augmented  in  the  cable  industry  with  foam/- 
skin  insulation,  a  design  which  still  incor¬ 
porates  the  concept  of  foam  insulation,  but 
which  was  further  refined  by  the  addition  of  a 
thin  layer  of  solid  material  over  the  foamed 
portion.  Determining  the  actual  percent  expan¬ 
sion,  and  thereby  knowing  the  exact  amount  of 
material  usage,  is  more  difficult  with  this 
combination  ot  solid  material  and  foamed  material 
on  the  same  insulated  conductor. 

The  term  percent  expansion  is  used  here  to  mean 
the  amount  of  gas  present  in  the  insulation  and 
can  be  calculated  as  the  ratio  of  the  volume  of 
air  present  in  the  insulation  to  the  total  volume 
of  the  insulation  expressed  as  a  percent.  While 
theoretically  it  is  possible  to  approach  100% 
expansion,  physically  it  is  not  practical. 
Evaluation  of  physical  properties  of  the  result¬ 
ing  insulation  as  a  function  of  percent  expansion 
have  shown  that  these  physical  properties  de¬ 
crease  gradually  with  increased  percent  expan¬ 
sion.  As  the  volume  of  the  gas  approaches  and 
exceeds  the  volume  ot  solid  material,  the  ceils 
tend  to  become  interconnecting,  severely  reducing 
the  mechanical  and  dielectric  strength  of  the 
insulation 

In  order  to  produce  the  smallest  and  therefore 
the  least  costly  cellular  product,  the  cable 
design  engineer  must  know  what  is  the  maximum 
percent  of  expansion  that  can  be  utilized  without 
sacrificing  physical  or  electrical  properties. 

By  manufacturing  cables  with  different  percent¬ 
ages  of  expansion  ard  measuring  the  expansion  of 
cables  that  have  known  values  of  various  physical 
and  electrical  characteristics,  the  designer  can 
achieve  an  optimum  design. 

It  was  for  that  reason  that  the  following  test 
method  was  established. 
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TEST  METHOD 

Determination  of  percent  expansion  is  based  on 
first  measuring  the  density  of  the  insulation. 
Density  is  measured  using  Archimedes1  Principle 
which  consists  of  weighing  the  material  in  air  and 
in  water.  However,  because  the  density  of  the 
cellular  insulation  is  less  than  that  of  water,  it 
will  float  in  the  water.  For  this  reason,  the 
measurements  are  made  using  an  insulated  conductor 
and  the  effects  of  the  conductor  subtracted  from 
the  results  to  obtain  the  appropriate  weights  of 
only  the  insulation.  Once  the  density  of  the 
insulation  is  determined,  the  percent  expansion  is 
obtained  by  dividing  the  measured  density  by  the 
density  of  the  solid  material  and  subtracting  this 
value  from  1. 

Detailed  test  methodology  and  formulae  for  cal¬ 
culating  density  and  percent  expansion  are  as 
follows. 

1.  SCOPE 

This  method  describes  the  procedure  for 
determining  the  degree  of  expansion  of 
cellular  polyolefin  insulations  based  on 
their  density,  using  a  water  displacement 
technique. 

2.  EQUIPMENT 

2.1  Analytical  Balance  capable  of  measuring 
to  0. 1  mg. 

2.2  Beaker:  250  ml 

2.3  Beaker  Support:  A  stationary  platform 
to  support  the  beaker  above  the  balance 
weighing  pan. 

2.4  Sample  Support  Wire:  22-26  AWG  wire, 
approximately  4  inches  long  for  sus¬ 
pending  the  test  specimen  from  the 
specific  gravity  hook  of  the  balance 
into  the  beaker. 

2.5  Thermometer:  Graduated  in  increments  of 
1°F. 

3.  PROCEDURE 

3.1  Cut  two  (2)  cellular  insulated  conductor 
specimens  approximately  10  inches  long. 
Wind  each  into  an  individual  coil  having 
r  diameter  of  1  to  1.5  inches.  Test 
each  specimen  individual ly. 

3.2  Weigh  the  coiled  pample  in  air  on  the 
analytical  balance  to  the  nearest  0.0001 
g.  Record  this  weight  as  W^. 

3.3  Fill  the  beaker  with  water.  Position 
the  support  and  filled  beaker  over  the 
balance  pan. 

3.4  Attach  the  support  wire  to  the  specific 
gravity  hook,  positioning  directly  above 
the  filled  beaker. 


3.5  Suspend  the  coiled  specimen  on  the 
freely  hanging  support  wire,  immersing 
the  coil  into  water.  Make  sure  the 
coil  is  completely  immersed,  that  it  is 
not  touching  the  side  or  bottom  of  the 
beaker  and  there  are  no  air  bubbles 
adhering  to  the  support  wire  or  test 
specimen.  Gentle  shaking  of  the 
support  wire  should  usually  remove  any 
bubbles. 

3.6  Determine  the  weight  of  the  support 
wire  plus  the  totally  immersed  coiled 
specimen  in  water  to  the  nearest  0.0001 
g.  Record  this  weight  as  W^. 

3.7  Carefully  uncoil  the  specimen  and  strip 
the  Insulation  from  the  entire  length 
of  conductor.  Recoil  the  wire  and 
weigh  the  bare  conductor  in  air  to  the 
nearest  0.0001  g.  Record  this  weight 


3.8  Suspend  the  bare  conductor  from  the 
support  wire  in  water  as  previously 
described  in  Step  3.5.  Weight  to  the 
nearest  0.0001  g  and  record  as  W^. 

3.9  Measure  the  temperature  of  the  wafer  in 
the  beaker  to  the  nearest  1°F. 

3.10  Following  the  calculations  in  Section 

4,  determine  the  percent  expansion  for 
each  cellular  polyolefin  insulation 
specimen. 

4.  CALCULATIONS 

4.1  Calculate  the  specific  gravity  of  the 
cellular  insulation  as  follows: 

5. G.  -  (Wj-W3) 

(wrw3}  *  CW 

Where:  S.G.  *  Specific  gravity  of 

test  specimen 

Wj  *=  Weight  of  insulated 
conductor  in  air 
(grains) 

W2  ■  Weight  of  insulated 

conductor  and  support 
wire  in  water  (grams) 
W1  «  Weight  of  bare  con¬ 
ductor  in  air  (grams) 
W^  -  Weight  of  bare  con¬ 
ductor  and  support 
wire  in  water  (grams) 

4.2  Calculate  density  of  the  cellular 
insilation  as  follows: 

Dc  -  (S.G.)  (Dw) 

Where:  D  ■  Density  of  cellular 

insulation  (grams /cm3) 

D  *  Density  of  water  at  test 
temperature  (grams /cm3) 

Dw  -  1.00  g/cm9  at  70°F; 

consult  handbook  for  D  at 
other  temperatures. 
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4,3  Calculate  the  degree  of  expansion  of  the 
cellular  Insulation  to  2  significant 
figures  as  follows: 


E 


(D-D 
s  c 


x  100 


Where  E  *•  Percent  expansion,  % 

D  *»  Density  of  solid  material 
corresponding  to  the 
insulation  (grams/cm3) 
0.903  g/cm3  for  polypropy¬ 
lene 

0.948  g/cm3  for  high 
density  polyethylene 


If  the  insulation  is  foam,  the  percent  expansion 
calculated  in  4.3  is  the  actual  percent  expansion 
of  the  insulation,  Tf  the  insulation  is  foate/- 
skin,  4.3  only  gives  the  apparent  percent  expan¬ 
sion,  that  is  as  if  the  cells  were  uniformly 
distributed  over  the  entire  cross-section  rather 
than  being  concentrated  in  the  inner  foam  portion 
with  solid  material  as  the  skin. 


To  determine  the  actual  percent  expansion  of  the 
foam  portion  of  foam/skin  insulation,  the  follow¬ 
ing  information  must  be  obtained  from  actual  or 
design  measurements  of  the  sample  being  tested: 

DOD  -  Overall  diameter  of  insulated  conductor, 
inches 

t  *  Skin  thickness,  inches 

DOF  c  Diameter  over  the  foamed  portion  of  the 
insulated  conductor  -  DOD  -  2t,  inches 
d  «  Conductor  diameter,  inches 


Then,  the  density  of  the  composite  cellular 
insulation,  D  ,  measured  above  can  be  related  to 
the  density  of  the  foamed  portion  only,  Df,  by  the 
equation : 


Where:  V  « 


or  D 

c 

(DOD7  -  d2) 

Rearranging  and  solving  for  yields. 

D,  -  (DOD7  -  d2)  D  -  (DOD2  -  DOF2)  D 
i  c  s 

(DOF2  -  d2) 

Since  D  is  a  known  for  a  given  material,  D  is 
known  from  the  previous  measurement,  anc  DOD,  %0F, 
and  d  are  known  from  design  parameters  or  actual 
measurements  on  the  specimen  being  tested,  D^  can 
be  calculated. 


V  D  ♦  V  .D 
s  s  f  f 


Volume  of  skin,  inches 

Volume  of  foamed  portion,  Inches 

Volume  of  overall  insulation,  inches 


(DOD2 


DOF2)  D  +  (DOF2  -  d2)  D, 


Percent  Expansion,  E^ ,  of  the  foamed  portion  only 
can  then  be  calculated  from: 


s 


The  reproducibility  of  the  above  test  has  been 
shown  through  extensive  laboratory  testing  to  be 
within  t  2-3%  for  foam  insulation  and  within  *  5% 
for  foam/skin  Insulation. 

CONCLUSION 


This  paper  outlines  a  method  for  determining  the 
actual  percent  expansion  of  foam  insulation  and 
the  apparent  percent  expansion  of  foam/skin 
insulation.  This  methodology  has  been  extended, 
through  mathematical  calculations,  to  determine 
the  actual  percent  expansion  of  the  foamed 
portion  of  foam/skir  insulation. 
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A  TEST  FOR  OPTICAL  FIBER  COATING  STRIPPABILITY 
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Hickory,  Noith  Carolina 


ABSTRACT 

In  the  practical  use  of  optical  fibers  it 
is  necessary  to  mechanically  strip  the 
protective  coating  off  the  fiber  in  order  to 
splice  or  connectorize  it.  It  is  desirable  to 
strip  the  required  length  of  coating  in  one 
step.  Therefore  the  stripping  force  cannot  be 
too  high.  At  the  same  time  some  adhesion  of 
the  coating  to  the  glass  is  required  for 
environmental  reasons.  Until  recently  this 
force  has  not  been  quantified.  In  this  paper 
a  test  for  s t rippabi 1 i ty  of  optical  fiber 
coatings  is  described.  The  testing  apparatus 
and  procedure  are  presented,  and  the  results 
of  this  strippabi li ty  test  are  discussed.  A 
correlation  is  made  between  the  st rippabi 1 i ty 
profile  and  the  environmental  stability  of  the 
coating  system. 


THE  STRIPPABILITY  TESTER 

A  device  for  accurately  measuring  the 
mechanical  force  required  for  stripping  the 
coating  from  a  fiber  is  now  in  use.  The  test 
apparatus  consists  of  five  main  components,  and  is 
sketched  in  Figure  1. 

1.  Load  cell 

2.  Translating  stage 

3.  Fiber  optic  strippers 

4.  Control  panel 

5.  Chart  recorder 

The  heart  of  the  strippabili ty  tester  is  the 
load  cell.  Physical  stripping  force  is  measured 
electronically  by  the  load  cell.  One  end  of  the 
fiber  is  secured  to  the  load  cell  by  wrapping  it 
around  the  cylindrical  holder.  The  other  end  of 
the  fiber  is  threaded  through  the  fiber  optic 
strippers  and  clamped.  The  strippers  are  mounted 
on  a  translating  stage.  By  setting  the  stage  in 
motion  the  coating  is  automatically  removed  from 
the  fiber.  The  stripping  end  of  the  fiber  is  fed 
into  a  tube  that  keeps  the  coated  fiber  in 
position  as  the  stripping  occurs.  The  depth  of 
the  tube  can  be  used  to  control  the  strip  length. 
Stripping  force  is  digitally  displayed  on  the 
force  transducer  indicator  located  in  the  control 
panel.  The  transducer  indicator  features  a  peak 
hold  mode  displaying  maximum  force  measured  during 
the  strip.  A  continuous  force  readout  is  also 


possible  by  locking  out  the  peak  hold.  Also 
housed  in  the  control  panel  is  the  'tripping  speed 
adjustment  with  digital  readout.  A  chat t  recorder 
graphs  the  stripping  force  profile  versus  time. 

Capabilities  of  this  test  equipment  include  a 
fotce  range  of  0  to  4b  Newtons.  Stripping  speed 
may  be  varied  from  O  to  9  cm/min.  In  addition,  a 
wide  range  of  stripping  tools  may  be  used  by 
simply  changing  holders  for  the  desired  stripper 
and  mounting  it  on  the  translating  stage. 

TESTING  PARAMETERS 

It  is  important  to  choose  the  correct  testing 
parameters  to  provide  comparable  measurements 
among  a  vide  range  of  coating  systems.  Coatings 
with  high  levels  of  adhesion  should  not  be  tested 
by  stripping  a  long  length  of  coating  from  the 
glass.  When  this  strip  length  is  too  long,  the 
coating  does  not  slide  away  from  the  glass. 
Rather  it  exhibits  a  buckling,  twisting  effect, 
making  the  results  difficult  to  analyze.  The  pure 
sliding  mechanism  of  s t r ippabi li ty  testing  i* 
easier  to  analyze. 

From  experience,  the  best  testing  parameters 
are  as  follows: 

Strip  length:  1  cm  from  fiber  end 

Stripping  speed:  1.5  cm/min  (0.6  in. /min.) 

This  allows  a  wide  range  of  coatings  to  be  tested 
under  the  same  conditions. 

The  Seiko  stripping  tool  was  chosen  for  this 
test.  The  Seiko  tool  is  effective  for  coated 
fibers  i.i  the  500  micron  and  900  micron 
geometrier. .  The  Seiko  tool  with  the  .3  mm  blades 
cuts  down  to  300  microns.  When  a  pulling  force  is 
applied,  the  remaining  coating  is  stretched  and 
torn  away  from  the  125  micron  glass.  Then  this 
coating  sleeve  slides  away  from  the  glass.  For 
250  micron  fiber,  a  different  tool  must  be  used, 
since  this  fiber  size  would  simply  slide  through 
the  300  micron  blades.  Please  note  that  this 
paper  will  present  data  for  900-micron  coated 
fiber  only. 
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STRIPPABILITY  RESULTS  AND  ANALYSIS 


ENVIRONMENTAL  STABILITY:  "FIBER  PISTONING1 


Table 

1  lists  the  peak 

Stripping  force  for  a 

variety  of 

coating  systems 

.  The  coatings  have 

been  identified  by  ranking 

them  in  order  of 

decreasing 

peak  strip  force.  Each  of  these 

coatings  is  a  dual-acrylate  buffered  out  to  900 

microns  vi th  a  thermoplastic 

tight  buffer. 

TABLE  1 

COATING 

AVERAGE  PEAK 

STANDARD  DEVIATION 

FORCE  (Newtons) 

OF  THE  SAMPLE  (n=10) 

I . 

28.1 

1.0 

2. 

14.0 

0.6 

3. 

12.5 

0.5 

4. 

12.2 

0.4 

5. 

10.2 

0.9 

6. 

7.2 

0.6 

7. 

6.6 

0.7 

Figure  2  shows  a  representative  strippabili ty 
profile  for  a  900  micron  coated  fiber.  This 
behavior  is  analogous  to  that  shown  in  a  previous 
study  of  the  adhesion  between  coated  fibers  and 
slabs  of  elastomeric  material.  (*)  The  ordinate 
is  force  in  Newtons.  The  abscissa,  reading  right 
to  left,  is  time.  Since  a  constant  speed  of  1.5 
cm/min  is  maintained,  the  abscissa  can  also  be 
converted  to  distance.  The  strippabili ty  profile 
is  divided  into  two  regions.  Region  I  is  that 
part  of  the  stripping  process  where  the  stripping 
tool  is  tearing  the  remaining  coating  from  the 
glass.  The  peak  stripping  force  is  encountered 
here.  This  force  is  dependent  on  the  ultimate 
tensile  strength  of  the  coating  material  and  the 
force  that  it  takes  to  overcome  the  static 
coefficient  of  friction  between  the  glass  and 
coating.  Region  II  is  that  part  of  the  stripping 
process  where  the  coating  is  sliding  along  the 
glass  at  the  125  micron  interface.  The  force 
taken  to  accomplish  this  stripping  is  solely  a 
function  of  the  (dynamic)  friction  coefficient 
between  glass  and  primary  coating.  The  slope  of 
the  Region  TI  portion  of  the  s t rippabi li ty  profile 
gives  an  indication  of  the  magnitude  of  the 
adhesion  between  coating  and  glass. 

Figures  3a  through  3g  illustrate  the 
strippability  profiles  characteristic  of  coatings 
1  through  7,  respectively.  Coating  1  has  the 
highest  stripping  force,  and  the  adhesion  is  so 
high  that  there  is  no  apparent  second  region. 
This  is  an  example  of  the  tested  strip  length  of 
1  cm  being  too  long  for  this  well-adhered  coating. 
The  dual  force  peaks  seen  in  Figure  2a  ate 
characteristic  of  the  buckling  or  twisting 
mechanism  of  stripping.  At  the  other  extreme, 
Coating  7  has  almost  no  measurable  adhesion 
between  glass  and  coating  once  the  initial  break 
is  made.  Note  that  Coatings  3  and  4  have  very 
similar  strip  profiles  and  peak  force  values.  In 
fact,  it  is  known  that  these  two  coatings  are 
composed  of  the  same  materials. 


While  it  is  desirable  to  keep  the  peak 
stripping  force  low  in  order  to  make  the 
strippability  process  craft-friendly,  some  level 
of  adhesion  is  required  for  reasons  of 
environmental  stability.  Since  there  is  a 
mismatch  of  the  ihermal  expansion  coefficients  of 
the  glass  and  the  coating  materials,  it  is 
possible  that  the  coating  system  will  shrink  away 
from  the  glass  fiber.  This  problem  has  been 
referred  to  as  "fiber  pistoning,”  since  the  glass 
moves  independently  of  the  coating.  This  presents 
a  problem  with  connectorization,  in  some  cases 
leading  to  fiber  breaks. 

The  susceptibility  of  a  coating  system  to 
fiber  pistoning  can  now  La  predicted  by  analyzing 
its  strippability  profile.  Coating  1  has  the 
highest  stripping  force,  and  the  friction 
coefficient  is  so  high  that  there  is  no  apparent 
second  region.  No  fiber  pistoning  is  expected, 
due  to  the  large  adhesion  value.  On  the  other 
hand,  Coating  7  is  a  likely  candidate  for  fiber 
pistoning. 

A  check  for  fiber  pistoning  has  been  devised. 
Coated  fibers  are  cut  into  1-meter  lengths  and 
exposed  to  65  degrees  C  and  7021  relative  humidity 
for  a  period  of  3  days.  The  results  can  be  seen 
in  Table  2: 

TABLE  2 


COATING 

OBSERVED  PISTONING 

1. 

none 

2. 

none 

3. 

almost  imperceptible,  < 

1  mm 

4. 

none 

5. 

none 

6. 

6  mm  glass  exposed  each 

end 

7. 

6  mm  glass  exposed  each 

end 

As  expected,  the  well-adhered  Coating  1 
showed  absolutely  no  pistoning  effects.  Coatings 
6  and  7  pistoned  greatly.  This  low  adhesion  was 
predicted  by  their  strippability  profiles,  Figures 
6  and  7.  The  only  other  coating  to  exhibit  any 
pistoning  was  Coating  3.  It  is  surprising  that 
Coating  3  would  piston  and  Coating  4  would  not, 
since  their  strippability  profiles  are  virtually 
the  same.  It  must  be  recognized  that  the  level  of 
pistoning  in  Coating  3  is  so  slight  that  there  may 
not  be  any  meaningful  difference  between  the 
pistoning  performance  of  Coating  3  and  those 
coatings  that  exhibited  no  pistoning  at  all. 

Although  the  coatings  with  the  lowest  peak 
strip  force  from  Table  1  also  were  the  most 
susceptible  to  pistoning,  the  peak  force  value 
alone  is  not  enough  to  predict  the  environmental 
stability  of  the  coating  system.  This  is  because 
the  peak  strip  force  includes  the  force  required 
to  completely  break  the  coating  after  the 
stripping  tool  clamps  down.  It  is  felt  that  the 
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complete  strippability  profiles  seen  in  Figures 
2a-g  are  a  better  indication  of  the  glass/coating 
adhesion.  The  Region  II  portion  of  the  profile  is 
a  direct  measure  of  the  force  required  to  slide 
the  coating  from  the  glass,  and  hence  is  a  good 
indicator  of  pistoning  performance. 

CONCLUSION 

The  use  of  this  optical  fiber  coating 
strippability  tester  now  allows  one  to  accurately 
measure  the  mechanical  force  required  to  strip  the 
coating  from  a  fiber.  The  critical  test 
parameters  are  the  strip  length  and  the  stripping 
speed,  with  recommended  values  of  1  cm  and  1.5 
cm/min.  respectively.  The  strippability  tester 
produces  chart  records  of  stripping  force  profile 
versus  time.  These  strippability  profiles 

indicate  the  peak  stripping  force  that  will  be 
required  by  craftspeople  in  the  field,  and  also 
provide  a  prediction  of  the  environmental 
stability  of  a  coating  system  by  measuring  its 
adhesion  to  the  glass. 
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Figure  2 

Representative  Strippabiiity  Profile 
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ABSTRACT 


As  new  wideband  services  become  available,  their 
first  applications  will  undoubtedly  be  in  the 
business  community.  The  need  for  packet  data, 
low  and  high  speed  video  will  require,  in  many 
cases,  a  fiber  network  overlay  to  the  copper 
risers  and  distribution  cables  in  existing 
commercial  buildings.  The  need  to  overlay  this 
copper  plant  with  fiber  presents  a  challenge 
to  telco  engineers  and  installers  and  to  the 
manufacturers  of  the  cables  and  apparatus  they 
will  use.  This  paper  will  review  the  experience 
and  insight  gained  from  the  design  and  installation 
of  an  experimental  fiber  optic  network  at  Bell 
Communications  Research  in  Morristown,  NJ.  Special 
emphasis  will  be  placed  on  the  significant  effect 
cable  and  apparatus  design  have  on  efficiency, 
ease  of  installation  and  reliability  of  the 
installed  network.  Design  requirements  for 
manufacturers'  products,  increasingly,  must 
emphasize  the  customers'  ability  to  install, 
maintain  and  repair  them  because  this  cost  can 
far  outweigh  the  original  purchase  price. 


Introduction 


Unlike  the  residential  market,  where  the  cost 
of  deploying  "the  last  mile"  of  a  fiber  optic 
network  must  compare  with  existing  technology 
costs  for  basic  service  with  incremental  increases 
for  services  generally  entertainment  or  convenience 
in  nature,  the  business  community  will  take 
advantage  of  new  broadband  services  to  generate 
new  revenues  or  reduce  the  cost  of  generating 
the  current  revenue  stream.  Dollars  to  pay  for 
these  broadband  services  and  the  network  to  deliver 
them  will  therefore  be  more  readily  available 
and  fiber  optic  overlays  of  existing  copper 
facilities  will  be  common  in  downtown  commercial 
centers.  This  presents  a  unique  and  early 
challenge  to  the  telco  engineer,  the  installer, 
and  the  equipment  vendor  to  engineer,  develop 
and  install  fiber  optic  facilities  in  spaces 
that,  in  general,  are  already  overcrowded  by 
copper  facilities  and  equipment. 

CoM^rcial  Building  Environment 

Traditionally,  telephone  facilities  in  commercial 
buildings  have  been  located  in  space  provided 
by  the  landlord.  It  is  generally  a  combination 
of  a  room  located  in  the  basement,  riser  shafts. 


telephone  closets  on  each  floor  and  floor 
distribution  raceways  as  shown  in  Figure  1. 
Basement  areas  may  be  poorly  lighted,  damp  or 
subject  to  flooding,  common  to  other  building 
facilities,  unsecured,  and  poorly  ventilated. 
Small  distributing  frames,  crossconnect  panels, 
splice  cases,  and  mult iplexing/demul t iplexing 
electronics,  PBXs ,  power  supplies  and  batteries 
can  all  be  found  there.  Riser  space  will  be 
partially  if  not  fully  occupied  by  the  existing 
copper  network.  Telephone  closets,  located  in 
building  core  areas,  are  usually  very  small  (4' 
x  6'  in  some  cases)  providing  only  enough  floor 
area  for  entry  and  exit.  Virtually  all  telephone 
apparatus  is  wall  mounted  including  crossconnects, 
cable  racking,  riser  tie  points  and  occasionally 
telephone  equipment  serving  lines  in  the 
surrounding  space.  Any  unoccupied  wall  space 
may  have  limited  usefulness  due  to  its  height 
off  the  floor  or  inaccessibility  because  of  the 
volume  of  existing  cable  being  routed  and  dressed 
within  the  closet. 


FIGURE  1.  COMMERCIAL  BUILDING  DISTRIBUTION 
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Distribution  cables,  terminated  in  each  closet, 
are  run  to  the  telephone  equipment  on  the  floor 
in  one  of  several  ways.  (Sec  Figure  2).  Some 

buildings  are  designed  with  an  under-floor 
distribution  system,  ducts  that  are  set  within 
the  concrete  slab  of  the  building.  This  is  a 
reasonable  solution  except  that  these  ducts  tnav 

already  be  crowded  in  critical  crossing  areas. 
Raised  floors  and  suspended  ceilings  provide 
usable  space,  but  are  shared  with  computer  or 

other  equipment  or  building  service  cables  and 
conduits  and  place  additional  requirements  on 
cable  sheath  materials  because  these  spaces  are 
general Iv  used  as  return  air  plenums  for  the 

building  ventilation  system. 


FIGURE  2  CABLE  DISTRIBUTION  METHODS 

Finally,  record  keeping  is  done  by  labeling  the 
terminals  or  marking  the  backboards  at  each 
successive  fan-out  point  in  the  building  and 
is  therefore  dependent  on  the  craftsperson  for 
accurac  y . 

In  summary,  the  extensive  copper  telephone  plant 
that  exists  in  commercial  buildings  today  heavily 
taxes  the  allocated  real  estate,  exists  in  places 
that  may  not  be  well  suited  for  apparatus  and 
equipment  that  may  be  environmentally  sensitive, 
locally  powered  and  requires  ventilation  and 
protection  from  local  hazards.  And,  of  course, 
it  has  been  deployed  without  consideration  for 


the  fiber  optic  network  that  we  would  now  like 
to  introduce. 

Experiwental  Network 

The  Bellcore  Fibcrnct  is  an  inter  local  ion  fiber 
optic  network  employing  both  single  mode  and 
multimode  technology  to  provide  a  research  test 
bed  lor  fiber  network  deployment,  optical 
transmission  and  s vs  terns  and  services  experiments. 
Sixteen  single  mode  fibers  connect  two  corporate 
locations,  a  distance  of  about  20  kilometers, 
and  some  S00  fiber  drops  have  been  deployed  in 
offices  and  laboratories. 

A  major  benefit  has  been  the  experience  gained 
on  the  deployment  of  fiber  optic  networks  in 
commercial  buildings  including  installation 
methods,  available  apparatus,  and  the  training 
of  craft  personnel  in  the  handling  and  termination 
of  optical  fibers. 

The  design  and  implementation  strategy  for  this 
network  differs  in  several  ways  from  other  early 
fiber  network  deployments.  Typical  installations 
have  been  based  on  available  apparatus  and  cable 
assembled  in  the  most  cost  effective  way  to  meet 
a  service  availability  deadline.  Although  this 
makes  good  business  sense  right  now,  it  does 

not  address  the  most  cost  effective  way  to  deploy 
fiber  networks  long  term  given  the  existence 

of  all  the  necessary  technology,  apparatus  and 
expertise.  By  taking  this  approach,  attention 
could  be  brought  to  the  missing  elements  and, 

hopefully,  stimulate  their  development  before 
thev  are  needed  by  the  operating  telephone 
compan ies . 

As  an  example,  most  if  not  all,  current  fiber 
deployments  use  either  factory  pre- terminated 
cables  or  factory  connector ized  pigtails  spliced 
to  cable  ends  in  the  field.  Clearly,  this  is 
not  optimum  from  a  network  provider's  point  of 
view.  Factory  pre- terminated  cables  cause  extra 
pre-engineering  of  run  lengths  and  inevitably 
result  in  the  storage  of  coils  of  excess  cable 
at  termination  points  (Figure  3)  creating 
significant  housekeeping  problems  and  are  less 
rugged  and  difficult  to  pull  into  building  raceways 
because  of  the  bundled  terminations  at  each  end. 
Factory  connectorized  pigtails  carry  the  combined 
cost  of  connect  or izat ion  and  splicing  on  a 
per-fiber  basis  and  require  extra  splice 
organizers.  The  long  range  view1  is  to  deploy 
building  fiber  cable  at  the  site  from  large  reels, 
cut  to  length  as  installed  and  apply  a  low  cost, 
quick  splice,  connector  or  connecting  block  as 
required,  similar  to  the  wav  copper  cables  are 
handled  today. 

The  experimental  intra-building  network  is  a 
composite  of  both  single  mode  and  multimode 
technology  to  meet  the  needs  ot  the  user  community. 
Several  different  vendors'  cables  and  connectors 
were  used  to  obtain  experience  with  as  large 
a  cross-section  of  hardware  as  possible.  Apparatus 
choices  were  severely  limited  or  nonexistent 
particularly  for  large  and  small  crossconnect 
panels  and  user  interfaces.  Some  wall  mounted 
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network  access  ports  were  fabricated  in  house 
< Figure  4 > .  In  I  act,  in  the  earlv  planning, 
even  plenum  rated  fiber  cables  were  not  available 
although  there  are  several  sources  now. 


FIGURE  3.  Excess  Cable  Storage  Results 

From  The  Use  of  Pre-Terminated 
Cable 


in  this  experimental  network,  offices  and 
laboratories  are  connected  by  either  single  or 
duplex  fiber  cables  to  telephone  (fiber)  closets 
on  each  floor.  These  cables  are  crossconnected 
to  riser  cables  as  shown  in  figure  b  that  connect 
all  closets  to  a  main  distribution  frame  in  the 
basement.  Cables  from  the  outside  world  also 
appear  on  this  frame  and  cross  connections  can 
be  made  in  any  combination.  Maximum  flexibility 
was  provided  in  this  network  due  to  its 
experimental  nature  by  the  use  of  connector ized 
jumpers  in  both  the  closet  and  the  basement 
although  it  is  anticipated  that  splices  will 
be  used  to  create  "home  run"  fibers  from  the 
user  interface  to  the  location  of  the  multiplexing 
electronics.  Although  re-arrangabi litv  is 

important  this  close  to  the  customer  end,  it 
is  expected  that  one  higher  loss  crossconnect 
facility  per  building  is  sufficient.  User  access 
to  the  network  is  through  a  wall  mounted  outlet 
where  an  optical  equipment  cord  can  be  connected. 


FIGURE  5.  Optical  Fiber  Interconnection 
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FIGURE  4.  Fiber  Network  User  Access  Port 
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Installation  of  fiber  from  the  users'  receptacle 
to  the  fiber  closet  was  done  via  the  return  air 
plenum  using  single  and  duplex  fiber  cables. 
Fiber  drop-off  points  at  offices  and  labs  occurred 
at  10  or  20  foot  intervals  in  the  long  corridors 
making  large  count  cables  impractical.  Therefore, 
many  small  diameter,  light  and  flexible  cables 
were  bundled  and  pulled  into  2 V*  square  electrical 
wireways  with  removable  covers  and  knockouts 
available  at  drop-off  points.  This  assembly 
met  air  plenum  requirements  although  the  fiber 
cables  alone  did  not.  Flexible  conduit  was  used 
from  the  wireway  to  the  user  receptacle.  This 
conduit  not  only  continued  the  integrity  of  the 
air  plenum  design,  but  also  protected  the  fiber 
in  ceiling  and  wall  areas,  and  provided  control 
of  bending  radii  along  the  run.  Wireway  sweeps 
were  also  necessary  to  control  bend  radii, 
particularly  where  they  emerge  in  the  closets. 
A  total  of  25  miles  of  building  distribution 
fiber  was  deployed. 

A  major  problem  was  encountered  in  pulling  some 
of  the  cable  designs  through  the  wireway.  The 
cable  jacketing  material  must  be  selected  to 
meet  a  number  of  requirements  set  by  the  cable 
vendor  regarding  fiber  protection,  strength  and 
durability,  fire  and  toxicity,  cost  and  ease 
of  manufacture.  But  the  deployed  cost  of  the 
cable,  a  telco  concern,  is  also  affected  by  other 
properties.  The  two  most  notable  properties 
among  the  cables  used  were  cable  memory  and  surface 
friction. 

Cable  memory  affects  the  installer's  ability 
to  dress  many  cables  into  manageable  bundles 
without  their  springing  back  when  released. 
This  is  important  since  damage  and  snagging  can 
occur  if  the  cables  do  not  lay  along  the  intended 
route,  for  example,  in  a  rack  above  a  suspended 
ceiling.  Cable  jacket  friction  against  a  wireway 
or  rack  can  make  it  impossible  to  pull  cables 
into  place  without  copious  amounts  of  lubricant 
and  extra  personnel.  Some  cables,  in  runs  of 
25  to  200  feet,  not  only  required  large  amounts 
of  lubricant  (undesirable  in  buildings),  but 
also  required  extra  personnel,  one  at  each  end 
and  one  at  each  bend  to  coax  it  through.  This 
makes  installation  very  costly  and  time  consuming 
and  is  an  excellent  example  of  the  need  for  vendors 
to  design  cables  with  ease  of  installation  in  mind. 
Also,  wireways  and  conduits  are  very  costly. 
A  more  suitable  building  distribution  cable  might 
provide  built-in  durability  and  bend  control 
so  that  no  additional  precaution  is  necessary. 

Connectorizatlon  and  Testing 

Again,  an  assortment  of  available  hardware  was 
used  to  gain  the  broadest  experience.  Five 
different  designs  of  single  and  multimode 
connectors  from  seven  different  vendors  were 
used  for  a  total  of  more  than  1000  fibers 
terminated.  All  connectors  were  of  the 
epoxy/polish  construction  (see  figure  6)  to 
minimize  losses  in  this  connector  intensive 
network.  As  previously  mentioned,  field 
installable  connectors  are  envisioned  as  the 
method  of  choice  long  term  although  ail  of  the 


connectors  we  used  were  more  easily  applied  at 
a  lab  bench.  All  of  the  connectors  required 
some  skill  and  a  lot  of  practice  to  install  as 
concluded  after  training  and  observing  fourteen 
experienced  craftsmen  who  had  no  previous  fiber 
optics  training.  Special  care  was  taken  to  follow 
each  vendor's  instructions  precisely  when  applying 
their  connector. 


FIGURE  6  -  CROSS  SEC  HON  OF  TYPICAL  FIBER  OPTIC  CONNECTOR 


There  are  five  basic  steps  in  applying  any  of 
these  connectors: 

1.  Strip  the  cable  jacket  and  coating  from  the 
fiber. 

2.  Position  the  fiber  within  the  connector. 

3.  Secure  the  fiber  within  the  connector  body. 

4.  Strain  relieve  the  cable. 

5.  Polish  the  fiber  end. 

Several  of  these  steps  may  lead  to  problems. 
Stripping  the  cable  jacket  mechanically  may  cause 
nicks  or  scratches  on  the  surface  of  the  glass 
fiber  which  may  result  in  subsequent  failure 
due  to  stress  free  aging  or  static  fatigue  and 
securing  the  fiber  within  the  connector  body 
using  highly  exothermic  epoxies  and  heat  guns 
may  produce  significant  thermal  stresses.  More 
on  these  two  later.  Polishing  the  fiber  end 
requires  practice  and  seemed  to  require  a  "touch" 
that  some  craftsmen  never  developed  during  their 
training.  Positioning  the  fiber  within  the 
connector  body  is  not  a  problem  assuming  reasonable 
dexterity  and  eyesight  and  strain  relieving  the 
cable  generally  requires  nothing  more  than  the 
use  of  a  properly  set  crimping  tool. 

A  significant  number  of  badly  applied  connectors 
were  discovered  using  a  white  light  source  at 
the  Ear  end  to  back  light  the  fiber  and  examining 
the  polished  connector  end  with  a  400X  scope. 
Even  though  initial  measured  losses  were  within 
the  manufacturer’s  specs,  this  back  light  technique 
revealed  cracks  in  the  glass  fibers  within  the 
region  of  the  precision  ferrule.  This  could 
be  disastrous  in  a  telco  installation  where 
connectors  test  good  on  Installation,  but  fail 
sometime  later  due  to  crack  propagation.  The 
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accompanying  diagram  (Figure  7)  shows  how  a  sample 
lot  of  48  connectors  degraded  over  time.  Also, 
some  connectors  remained  dark  when  back  lit. 
Micro-sectioning  revealed  large  cracks  in  the 
glass  in  the  region  of  accumulated  epoxy  at  the 
back  end  of  the  precision  ferrule. 

Two  conditions  may  have  caused  or  contributed 
to  these  fiber  cracks.  First,  as  previously 
mentioned,  mechanical  stripping  tools  use  precisely 
aligned  and  sharp  blades  to  separate  a  length 
of  coating  and  slide  it  off  the  fiber.  Normal 
wear  or  misuse  of  the  tool  may  have  caused  one 
or  both  blades  to  contact  the  glass  causing  a 
surface  flaw.  Second,  the  selection  of  a  highly 
exothermic  epoxy  and/or  the  use  of  a  hand  held 
heat  gun  may  have  caused  significant  thermal 
stress  during  cure  and  residual  "locked- in"  stress 
post  cure.  The  magnitude  of  these  stresses  are 
affected  by  thermal  expansion  coefficient,  epoxy 
curing  temperature,  shear  modules  and  thickness 
between  the  fiber  and  ferrule,  and  analysis  has 
shown  that  stresses  high  enough  to  cause  short 


term  failure  can  occur.  Also,  the  temperature 
to  which  a  connector  is  heated  using  a  heat  gun 
is  heavily  dependent  on  the  distance  it  is  held 
from  the  nozzle.  A  quick  lab  measurement  showed 
a  range  from  180°C  to  125°C  corresponded  to  a 
distance  of  4"  to  6".  Better  control  of  cure 
temperature  was  achieved  using  an  oven.  The 
use  of  a  slow  curing  room  temperature  epoxy  greatly 
improved  connector  yield  giving  good  support 
to  this  theory  but  would  clearly  be  less  convenient 
for  field  installations. 

On  average,  field  connectorization  takes  20  minutes 
per  fiber  assuming  a  work  station  is  set  up  and 
many  connectors  are  to  be  done  for  both  single 
and  multimode  regardless  of  vendor.  The  combined 
cost  of  these  connectors  and  labor  seems  too 
high  for  widespread  use  even  with  a  very  low 
reject  rate.  New  connector  designs  are  needed 
that  are  low  cost,  low  loss,  easily  applied  and 
not  dependent  on  a  high  degree  of  skill. 

Testing  of  the  fiber  cables  was  accomplished 


TIME  ZERO  AFTER  7  WEEKS  AFTER  18  WEEKS 


FIG.  7  DEGRADATION  OVER  TIME  FOR  A  SAMPLE  OF  48 
CONNECTORS  BY  VISUAL  INSPECTION 
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Conclusions 


relatively  easily  using  hand  held  test  sets. 
The  loss  attributed  to  the  fiber  was  insignificant 
due  to  the  short  distances  involved  and  only 
the  more  significant  losses  of  multiple  connectors 
or  splices  were  measured.  Some  variability 
was  noted  during  testing  and  appeared  to  be 
due  to  an  inability  to  reproduce  the  loss 
associated  with  connections  to  the  test  sets. 
A  simple  continuity  check  may  prove  to  be  most 
cost  effective  and  sufficient  once  confidence 
is  gained  in  field  connectorizat ion. 

Apparatus 

The  most  important  point  regarding  apparatus 
is  that  it  is  virtually  nonexistent.  Significant 
work  is  needed  on  interconnection  hardware  for 
the  building  entrance,  riser/distribution 
interface  and  network  terminal  outlets.  Less 
obvious,  but  just  as  important  are  the  piece 
parts  necessary  to  anchor  route  and  dress  fiber 
cables.  Much  of  what  was  used  in  the  experimental 
network  was  homemade. 

The  design  of  building  cables  both  riser  and 
plenum,  and  distr ibut ion/ terminat ion  apparatus 
requires  an  understanding  of  the  application 
and  consideration  to  the  installation  process 
and  problems.  Figure  8  shows  fiber  cables  bundled 
and  routed  over  standard  cable  rings.  Although 
the  importance  of  adequate  bending  radii  was 
emphasized,  the  apparatus  did  not  assure  they 
were  maintained.  Human  factors  engineering 
must  be  emphasized  to  enable  and  encourage 
installers  to  perform  their  duties  in  a 
workmanlike  way  and  to  meet  the  special 
requirements  of  fiber  to  assure  long  term 
reliability.  And,  the  special  demands  of  terminal 
equipment  users,  untrained  in  handling  fiber 
optics,  must  be  recognized  in  designing  the 
user  interface  to  the  building  network.  This 
presents  an  important  challenge  to  vendors  because 
the  availability  of  suitably  designed  cables 
and  apparatus  will  significantly  affect  the 
cost  effective  deployment  of  fiber  optic  networks. 


FIGURE  8.  Sharp  Bends  In  Fiber  Cables  Result 
From  Using  Apparatus  Intended  For 
Copper  Cables 


Cable  and  apparatus  design  will  have  a 
significant  effect  on  the  efficiency,  ease 
of  installation  and  reliability  of  the  installed 
fiber  optic  network.  A  major  benefit  of  the 
implementation  of  the  Bellcore  Fibernet  has 
been  the  experience  gained  in  its  deployment 
at  a  time  when  the  attention  of  the  vendor 
community  could  be  called  to  recognize  the 
importance  of  the  installer's  and  user's  ability 
to  get  the  most  from  product  designs. 

Demand  for  new  services  and  the  network  to 
support  them  will  surely  be  dependent  on  the 
cost /value  ratio  to  the  communications  customer. 
Efficiency  of  installation  and  reliability 
are  key  ingredients  in  that  cost  and  cable, 
and  apparatus  designed  to  optimize  them  will 
greatly  help  to  improve  that  ratio. 
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ABSTRACT 

The  amount  of  excess  fiber  length  (EFL)  in 
buffer  tubes  is  a  critical  parameter  in 
ensuring  the  proper  operation  of  loose  tube 
fiber  optic  cables.  For  this  reason,  a  device 
to  accurately  measure  EFL  during  cable 
manufacturing  was  designed  and  fabricated. 
This  device  uses  a  basic  mechanical  approach 
where  a  tube  sample  is  placed  in  a  precision 
V-groove  and  cut  to  a  length  of  10  meters. 
Permanently  mounted  pneumatic  cutters  allow 
for  repeatable  sample  lengths.  After  the  tube 
sample  is  cut,  the  fibers  are  removed  and 
placed  one  at  a  time  into  a  second  precision 
V-groove.  At  each  end  of  the  device  is  a 
digital  micrometer,  the  summation  of  which 
measures  the  EFL  relative  to  the  tube  length. 
The  error  associated  with  this  measurement 
technique  was  determined  to  be  less  than  +1 
mm.  Given  the  standard  sample  length,  this 
corresponds  to  a  measurement  error  of  less 
than  0.0U  EFL. 

INTRODUCTION 

The  amount  of  EFL  present  in  buffer  tubes  has  long 
been  recognized  as  a  critical  parameter  when 
producing  loose  tube  fiber  optic  cables.  As 
illustrated  in  Figure  1,  EFL  is  the  condition 
where  the  length  of  fiber  within  a  buffer  tube  is 
greater  than  the  buffer  tube  length  itself.  In 
many  instances,  accurate  EFL  data  has  been 
obtainable  only  through  long  length  tensile 
testing  after  the  buffer  tubes  are  cabled.  In 
such  testing,  EFL  is  determined  through  making 
time-of-flight  measurements  on  the  fiber  for 
increasing  levels  of  cable  strain. 


DEVICE  DESCRIPTION 

This  device  uses  a  simple  mechanical  approach  to 
directly  measure  excess  fiber  length  for  a  10 
meter  sample  of  buffer  tube.  The  fundamental 
principle  of  the  device  is  that  a  buffer  tube 
sample  is  cut  to  a  repeatable  standard  length  and 
the  lengths  of  the  fibers  within  the  tube  are  then 
measured  relative  to  the  tube  length.  Key  to 
the  success  of  this  device  is  the  high  precision 
achieved  both  in  cutting  of  the  tube  and  fiber 
measurement . 

As  shown  in  Figure  2,  the  device  consists  of  a 
table  which  is  10  meters  in  length,  0.1  meters 
wide  with  a  height  of  1.1  meters.  Permanently 
mounted  to  each  end  of  the  table  is  a  pneumatic 
cutter  and  a  digital  micrometer  head.  The 
micrometer  head  is  located  such  that  the  zero 
reading  position  is  adjacent  to  the  blade  of  the 
cutters.  Two  parallel  V-grooves  run  the  length  of 
the  table  surface  for  placement  of  the  tube  and 
fiber,  respectively.  The  micrometers  are  aligned 
with  the  small  groove  for  fiber  measurement  while 
the  cutters  are  aligned  with  the  large  groove  for 
cutting  of  the  tube  samples.  At  the  bottom  of  the 
fiber  groove  is  a  small  slit  to  allow  vacuum  to 
secure  the  fiber.  Spring  clips  located  every  10  cm 
along  the  large  groove  secure  the  tube  for 
cutting.  A  solenoid  switch  located  at  the 
midpoint  of  the  device  enables  the  pneumatic 
cutters  to  be  actuated  simultaneously. 


EXCESS  FIBER  LENGTH 
IN 

BUFFER  TUBES 


The  capability  to  accurately  measure  EFL  in  a 
buffer  tube  prior  to  cabling  vas  needed  to 
expedite  product  development  efforts  focusing  on 
buffer  tube  processing.  The  costs  and  time 
involved  made  it  impractical  to  cable  buffer  tubes 
in  order  to  determine  if  the  buffer  tube  process 
yielded  EFL  values  in  the  proper  range.  To 
address  this  need,  a  device  was  designed  to 
measure  EFL  directly  after  the  buffer  tube 
process.  In  addition  to  expediting  product 
development  efforts,  this  device  also  offered  an 
additional  quality  control  measure  for  plant 
production. 


FIGURE  1 
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MEASUREMENT  PROCEDURE 


CONCLUSION 


Operation  of  the  device  is  as  follows:  A  30  meter 
sample  of  buffer  tube  is  placed  such  that  10 
meters  of  tube  lies  in  the  larger  of  the  two 
V-grooves  and  10  meters  extends  through  each 
cutter  to  eliminate  end  effects.  Once  the  tube 
sample  is  placed  into  the  groove,  the  pneumatic 
cutters  are  actuated,  cutting  the  sample  length  to 
10.0  meters.  The  tube  is  then  removed  frym  the 
groove  and  slit  with  a  fiber  access  tool1  such 
that  the  fibers  may  be  obtained.  The  fibers  are 
cleaned  and  placed  one  at  a  time  into  the  fiber 
V-groove  to  be  measured.  At  each  end  of  the 
device,  the  micrometer  is  adjusted  until  contact 
is  made  with  the  end  of  the  fiber.  Using  the 
summation  of  the  micrometer  readings,  the  EFL 
expressed  as  a  percentage  of  tube  length  is 
calculated  from  the  equation: 


?  EFL  =  (Fiber  length  -  Tube  length)  *  100? 
Tube  Length 


.  (Sum  of  micrometer  readings, mm)  *  100? 
10000  mm 


A  device  has  been  developed  which  vili  accurately 
measure  excess  fiber  length  in  loose  buffer  tubes. 
Though  simple  in  design,  this  device  offers  an 
effective  means  for  evaluating  buffer  tubes 
without  having  to  manufacture  a  cable. 

References 
'  Patent  Pending. 


Shown  in  Figure  3  are  EFL  data  generated  from  this 
device  for  a  typical  6  fiber  maxi-tube  with  an 
inner  diameter  of  3.1  mm  and  an  outer  diameter 
of  4.5  mm.  Also  shovn  on  the  graph  is  a  EFL 
measurement  for  fiber  number  6  which  was  obtained 
from  a  long  length  tensile  test.  Note,  the  EFL 
values  are  comparable  for  both  measurement 
techniques,  ranging  from  0.63?  EFL  to  0.69?  EFL, 
respectively. 

DEVICE  MEASUREMENT  ERROR 


Jeff  S.  Barker  was  born  in  Statesville,  North 
Carolina  in  1961.  He  received  his  Bachelor's 
Degree  in  Mechanical  Engineering  from  North 
Carolina  State  University  in  1984.  Upon 
graduation,  he  was  employed  as  a  Process  Engineer 
in  the  Research,  Development  and  Engineering 
division  of  Siecor  Corporation  and  is  currently 
the  Supervisor  of  the  R,D&E  Mechanical  Lab. 


Small  buffer  tubes  containing  no  fiber  were  used 
to  quantify  the  measurement  error  of  the  device. 
Two  sets  of  twenty  samples  of  tube  were  cut, 
placed  in  the  fiber  groove  and  measured.  From 
this  data,  the  total  measurement  error  at  three 
standard  deviations  was  determined  to  be  0.82  mm 
for  the  device.  Given  the  10  meter  sample  length, 
this  corresponds  to  a  total  measurement  error  of 
0.008?  EFL.  The  significance  of  this  error 
obviously  decreases  as  the  amount  of  EFL 
increases. 


The  measurement  error  components  were  identified 
as  the  error  associated  with  cutting  the  sample 
tube  length  and  the  error  associated  with 
measuring  the  fiber  length.  To  determine  the 
error  associated  vith  measuring  the  fiber,  22 
samples  of  fiber  vere  measured  three  times  each. 
From  this  data,  it  was  determined  that  the  error 
associated  with  measurement  of  the  fiber  (at  three 
standard  deviations)  was  0.47  mm.  Subtracting  the 
fiber  measurement  error  from  the  total  measurement 
error  (each  expressed  as  variances),  the  resulting 
tube  cutting  error  at  three  standard  deviations 
was  0.67  mm. 
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FIGURE  2.  EXCESS  LENGTH  MEASUREMENT  DEVICE 
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Abstract 

Cable  designers  and  manufacturers  can 
continue  to  offer  competitively  priced 
para-aramid  reinforced  cables  without 
compromising  or  sacrificing  cable  quality  and 
mechanical  properties.  Using  p-aramid  yarn 
effectively  requires  proper  handling  and 
processing  techniques  as  well  as  selection  of  the 
proper  yarn  product  and  size.  The  p-aramid 
products  now  available  to  meet  the  unique  needs 
of  fiber  optic  cable  designers  are  described. 
Suggested  design,  manufacturing  and  storage 
procedures  are  discussed.  Many  cable 
manufacturers  can  increase  the  value  of  their 
products  or  reduce  cable  costs  by  taking 
advantages  of  the  knowledge  available  in  these 
areas. 


Introduction 

Para-aramid  yarn,  sucn  as  Kevlar*  aramid,  can 
provide  cost-effective  fiber  optic  cable 
reinforcement  if  properly  used  in  cable  design 
and  manufacturi ng .  P-aramid  yarn  provides  very 
high  modulus  per  unit  cross- sec t ' ona 1  area  while 
at  the  same  time  being  flexible,  nonconduc live , 
thermally  stable,  and  creep  resistant 
Representati ve  properties  are  shown  in  Taole  ! 
Although  many  cable  designers  and  manufacturers 
believe  that  p-aramid  reinforcement  is  expensive 
to  use,  it  typically  represents  less  than  lu*  of 
the  total  cost  of  an  all -dielectric  nber  uptic 
cable  (Table  II)  lo  allow  cable  designers  and 
manufacturers  to  reduce  further  tie  ost  of  using 
p-aramid  yarn  as  a  cable  remfor  ament .  several 
product  changes  have  been  made  in  nr  r«st  yea* 
By  taking  advantage  of  these  prodtr  nanges  and 
by  following  the  design,  menu* a.  ring,  and 
storage  suggestions  discussed  be  a.  able 
designers  and  manufac turers  can  'fdc  i  waste, 
improve  the  translation  of  p  aram.i  yarn 

properties  into  cable  properties,  and  ma> ini  it 
line  effectiveness  of  p-aramid  cable 
reinforcement . 


*0u  Pont  registered  trademark 


Aramid  Products  for  Fiber  Optics 

In  response  to  the  unique  needs  of  fiber 
optic  C|ble  designers  and  manufacturers,  new 
versions  of  p-aramid  yarn  are  available,  the 
yarn  size  range  has  been  expanded,  and  tailored 
length  packages  have  been  developed.  The 

addition  of  the  new  yarn  versions  gives  designers 
added  flexibility  in  the  selection  of  yarn 
stress-strain  properties.  The  addition  of  new 
yarn  deniers  provides  an  even  progression  in  yarn 
size  so  that  cable  designers  can  meet  cable 
stress-strain  design  requirements  using  the  least 
amount  of  yarn.  Table  III  shows  typical 
properties  for  a  range  of  version  49  p-aramid 
yarns. 

Tailored  length  yarn  can  be  obtained  in 
lengths  which  closely  match  available  optical 
waveguide  lengths.  The  use  of  tailored  length 
yarn  significantly  reduces  yarn  waste  caused  by 
large  amounts  of  random  length,  leftover  yarn  on 
used  bobbins.  Packages  with  tailored  length  yarn 
may  contain  a  short  section  of  spliced  yarn. 
These  splices  are  extremely  small  and  are  hard  to 
spot  in  the  yarn  unless  one  knows  where  to  look. 
The  stress-strain  curves  for  spliced  and 
continuous  yarn  are  very  similar  (Figure  1)  and 
spliced  yarn  has  been  shown  not  to  adversely 
affect  cable  performance. 

Design  Considerations 

Most  cable  designers  calculate  the  amount  of 
p-aramid  yarn  required  in  a  particular  cable 
design  using  the  maximum  cable  force  expected  and 
the  quoted  yarn  modulus.  Initial  modulus  figures 
art  obtained  on  yarn  twisted  to  1.1  twist 
multiplier  and  are  determined  at  elongations 
greater  than  O.St  using  a  tangent  modulus  method. 
Since  the  stress- strai n  area  of  Interest  for 
fiber  op'ic  cable  is  between  0  and  0.5t 
elongatfon,  it  is  suggested  that  modulus  values 
used  in  cable  design  calculations  be  recalculated 
at  the  elongation  where  the  fiber  optic  waveguide 
's  expecUd  to  demonstrate  reduced  performance 
using  data  obtained  from  zero-twist  yarns 
(Reference  1). 

*Kevlar»  p-aramid  yarn  comes  in  four  different 
versions  as  denoted  by  the  product  number  (e.g., 
kevlarm  29,  49,  68  and  149).  Each  version  has 
unique  stress- strain,  moisture  regain,  and 
tensile  creep  properties. 
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TABLE  I 


PROPERTY  COMPARISON  FOR  FIBER  OPTIC  CABLE  REINFORCEMENT 


P-Aramid  E -Glass  Sieel  Wire1-1 


Tenacity,  gpd* 1  > 

23 

4.8 

2.9 

,  10'  psi 

425 

160 

285 

.  MPa 

2.930 

1.103 

1.965 

Modulus,  gpd 

890 

318 

200 

.  10*  psi 

16.5 

10.5 

29 

.MPa 

113.768 

72.398 

199.955 

Elongation  to  Break.  7c 

2.5 

S  I 

2.0 

Density;  gm/cc 

1.44 

2.5 

7.86 

Coefficient  of  Thermal  Expansion 
per  °C 

-5  ppm 

+  2.8  ppm 

+  6.6  ppm 

Conductive 

No 

No 

Yes 

Flexibility 

Yes 

Yes 

No 

( 1 )  gpd  =  grams  per  denier.  Denier  is  the  weight  in  grams  of  9.000  meters  of  yam. 
gpd  is  a  unit  for  specific  strength  or  specific  modulus. 

(2)  Improved  plow  steel . 


TABLE  II 

FIBER  OPTIC  CABLE  RAW  MATERIAL  COSTS 


7,  of  Total 


Waveguide  (18  guides) 

837 

Buffer  Tubes  (6  tubes) 

27 

Pultruded  Glass  Core 

47 

Jacketing  diameter  cable) 

37, 

p-aramid  (22  ends.  2 160 denier,  version  68) 

67, 

TABLE  III 

ARAM1D  PRODUCTS  FOR  FIBER  OPTICS 


Yam 

Denier'11 

Twist 

Yarn 

Diarn.'*' 

Yarn 

Cross- Sect. 
Area01 

Number 
of  Filaments 

Filament 

Diam. 

Yield 

Per 

Pound 

GO-1  in) 

( 1 0  —  4  sq  in) 

(I0“4  in) 

(metcr/lb) 

380 

0 

8.6 

0.6 

267 

4.7 

10.784 

1.420 

0 

16.5 

2.1 

1.000 

4.7 

2.875 

2,160 

0 

20.4 

3.3 

1,000 

5.7 

1.891 

2.840 

0 

23.3 

4.3 

1.333 

5.7 

1.437 

4.320 

Roving 

28.8 

6.5 

2.000 

5.7 

945 

5.680 

Roving 

32.9 

8.5 

2.666 

5.7 

718 

7.100 

Roving 

37.1 

10  8 

5.000 

4.7 

576 

(1)  Denier  is  the  weight  in  grams  of 9,000  meters  of  yarn 

(2)  Assumed  80%  packing  factor 
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Yarn  twisting  should  be  avoided  when  cabling 
p-aramid  yarn  into  a  cable  since  twist  levels 
above  0.5  twist  multiplier  negatively  Impact  the 
load-carrying  capacity  of  the  yarn  at  an 
elongation  of  0.5%.  P-aramid  yarn  lays  flat  and 
assunes  a  ribbon-like  shape  when  applied  to  a 
cable  because  the  yarn  is  flexible  and  pliable. 

Nonroved  yarns  are  more  cost-effective  to  use 
as  cable  reinforcement  than  roved  ones.  The 
roving  process  plies  together  several  ends  of 
yarn  which  Increases  the  cost,  adds  twist,  causes 
yarn  catenary,  and  lowers  the  yarn  modulus.  In 
addition,  roved  yarn  properties  translate  less 
efficiently  into  cable  properties. 


Manufacturing  Considerations 


To  assure  maximum  translation  efficiency  of 
all  the  yarns  served  in  a  cable,  uniform  and 
accurate  tension  control  is  required  for  each  end 
of  yarn  being  cabled.  A  tension  of  0.05  grams 
per  denier  is  recommended.  Spring  loaded 
tensioners,  ball  arid  cone  tensioners,  or 
electromagnetic  brake  rolls  are  most  often  used. 
Yarn  rewinding  should  be  avoided  since  rewinding 
can  add  additional  yarn  catenary  (especially  if 
the  yarn  being  rewound  is  a  roved  yarn)  and  since 
the  extra  handling  step  can  reduce  the  mechanical 
quality  of  the  yarn. 


Frictional  drag  should  be  eliminated  as  much 
as  possible  by  using  rolling  takeoffs,  rolling 
guides,  and  as  few  contact  surfaces  as  possible. 
Where  contact  surfaces  are  absolutely  necessary, 
clean,  nick-free,  matte-finished  chrome  oxide  or 
"Alsimag"*  guide  surfaces  are  suggested  since 
they  give  the  lowest  coefficient  of  friction  with 
p-aramid  yarn  (Table  IV).  Polished  chrome, 
steel,  brass,  and  glass  surfaces  cause  problems. 
If  deposits  build  up  on  guides  or  on  contact 
surfaces,  they  should  be  cleaned  frequently. 
Sharp  yarn  angles  should  be  avoided. 

Conditioning  the  yarn  at  75°F  and  60-68%  R.H.  for 
28  to  48  hours  before  processing  helps  to  reduce 
static.  Static  eliminators  can  also  solve  static 
problems.  For  safety  reasons,  never  touch 
running  yarn  or  measure  yarn  tension  with  fingers 
or  hands. 


TABLE  IV 

COEFFICIENT  OF  FRICTION  OF  ARAMID 
WITH  VARIOUS  CONTACT  SURFACES 

Surface 

Yam  Yam 
Matte  Chrome 
Alsimag**  Ceramic 
Polished  Chrome 

*  '3M  registered  trademark 


Coefficient  of  Friction 

0.33 
0.18 
0  37 
045 


FIGURE  2 

KEVLAR-  49  ARAMID  STRESS-STRAIN  CURVES 


FIGURE  Y 


EFFECT  OF  TWIST  ON  KEVLAR*  49  ARAMID 


o  os  o«  oe  oa  «  <2  \*  >• 

TWIST  MULTIPLIER 


Storage  and  Handling  Considerations 


The  handling  of  yarn  tubes  should  be 
minimized  to  reduce  the  risk  of  degrading  the 
yarn  mechanical  quality  and  yarn  properties. 
Cartons  should  be  stored  in  areas  of  relatively 
constant  temperature  and  humidity.  The  plastic 
wrapping  on  each  bobbin  which  inhibits  yarn 
moisture  change  should  be  removed  just  prior  to 
use.  Any  partial  bobbins  should  be  tightly 
rewrapped  with  the  plastic  wrap  upon  storage. 
Yarn  should  be  used  in  the  order  received  and 
merge  numbers  should  not  be  mixed. 


Conclusions 


Used  properly,  p-aramid  yarn  is  a 
cost-effective  fiber  optic  cable  reinforcement. 
The  proper  selection  of  yarn  denier  and  tailored 
length  along  with  thoughtful  cable  design  and 
careful  cable  manufacturing  can  reduce  p-aramid 
reinforcement  costs  significantly.  By  reducing 
reinforcement  costs,  cable  designers  and 


*3M  registered  trademark. 
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manufacturers  can  continue  to  offer  competitively 
priced  cables  without  compromising  or  sacrificing 
the  cable  quality  and  mechanical  properties 
provided  by  p-aramid  reinforcement. 
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Abstract 

Property  data  for  p-aramid  yarn  fiber  optic 
cable  reinforcement  is  often  misunderstood  and 
misused  by  cable  designers  and  manufacturers. 
The  stress  of  p-aramid  yarn  at  a  particular 
elongation  is  dependent  on  yarn  twist,  yarn 
denier  and  yarn  type.  Since  the  stress-strain 
curve  of  p-aramid  yarn  is  nonlinear,  the  use  of 
modulus  values  rather  than  stress  values  can  be 
misleading,  can  reduce  design  accuracy,  and  can 
increase  raw  materials  costs.  This  paper 
discusses  the  proper  measurement  of  p-aramid  yarn 
stress-strain  properties  and  the  use  of  such 
properties  in  the  design  and  manufacture  of  fiber 
optic  cables. 


Introduction 

Para-aramid  continuous-length  fiber  such  as 
Kevlar*  is  now  widely  used  as  a  tensile 
reinforcement  or  load-bearing  member  in  all  types 
of  fiber  optic  cables.  However,  much  confusion 
still  exists  among  fiber  optic  cable  designers 
and  manufacturers  concerning  interpretation  of 
modulus  and  stress-strain  data  for  p-aramid 
fiber.  Even  though  p-aramid  fibers  are  highly 
oriented,  crystalline,  organic  polymers  with  very 
high  specific  modulus,  the  yarn  made  from  these 
fibers  still  exhibits  a+nonlinear  stress-strain 
curve.  The  yarn  version  ,  yarn  denier,  and  yarn 
twist  all  affect  the  nonlinearity  of  the 
stress-strain  curve,  particularly  at  low 
elongations  where  fiber  optic  cables  are  designed 
to  be  used.  Many  cable  manufacturers  and 
designers  are  unaware  of  this  nonlinearity 
or  do  not  account  for  it  when  designing  with 


*Du  Pont  registered  trademark 

+Kevlar<61  p-aramid  yarn  comes  in  four  different 
versions  as  denoted  by  the  product  number  ( e . g .  , 
Kevlar^)  29,  49,  68  and  149).  Each  version  has 
unique  stress-strain,  moisture  regain,  and 
tensile  creep  pronerties. 


p-aramid  yarn.  Understanding  the  position  and 
magnitude  of  this  nonlinearity  can  prevent 
serious  design  errors,  reduce  cable  raw  materials 
costs,  and  shorten  proveout  time. 

Most  cable  designs  use  a  reinforcement,  such 
as  p-aramid  yarn  to  avoid  treating  the  sensitive 
optical  fibers  as  the  principal  cable 
load-bearing  member.  Under  these  design 
conditions,  the  amount  of  p-aramid  which  should 
be  used  in  the  cable  is  often  calculated  by 
dividing  the  final  cable  load  by  the  final  cable 
elongation  and  the  initial  modulus  of  the 
reinforcing  material  (Reference  1).  While  this 
method  seems  straightforward  enough,  yarn  initial 
modulus  is  a  calculated  value,  defined  at  a 
certain  place  on  the  yarn  stress-strain  curve. 
Since  p-aramid  stress-strain  curves  are 
nonlinear,  the  initial  modulus  quoted  by  a 
manufacturer  may  not  be  suitable  for  a  particular 
fiber  optic  cable  design,  particularly  if  the 
cable  is  being  designed  to  operate  at  elongations 
different  from  that  used  to  determine  the  initial 
modulus  quoted  in  p-aramid  literature.  Table  I 
shows  how  the  p-aramid  yarn  modulus  can  change  as 
a  function  of  the  elongation  where  the  modulus  is 
defined. 


TABLE  I 


EFFECT  OF  ELONGATION  ON  ARAMID  YARN  MODULUS 


(2160  denier.  Kevlar' 

*  49  aramid,  zero-twist  yam) 

Elongation 

Modulus  Value  Calculated 

Range 

(Million  psi ) 

(MPa) 

0.0%  -0.1% 

5.9 

40.680 

0.1%  -0.2% 

9.8 

67.571 

0.2%  -0.3% 

11.4 

78.603 

0.3%  -0.4% 

14. 1 

97.220 

0.4%  -0.5% 

16.5 

113.768 

0.5%  -0.6% 

16.5 

113.768 

0.6%  -0.7% 

16.1 

111.010 

0.7%  -0.8% 

16.  J 

111,010 

0.8%  -0.9% 

1/.2 

118.594 

Initial  Modulus 

15.5 

106.872 
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Determining  Modulus 


Modulus  is  determined  by  picking  two  points 
on  the  stress-strain  curve,  drawing  a  secant  line 
between  the  points,  obtaining  the  slope  of  the 
secant  line,  and  dividing  by  the  yarn 
cross-sectional  area.  The  yarn  cross-sectional 
area  is  calculated  by  multiplying  the  number  of 
filaments  in  the  yarn  by  the  filament  area. 

To  generate  a  stress-strain  curve  for 
p-aramid  yarn,  dry  yarns  are  tested  in  a  tensile 
tester  equipped  with  air-actuated  4C  yarn  clamps. 
The  test  method  itself  is  an  adaptation  of  ASTM 
D885,  "Method  of  Test  for  Tire  Cords,  Tire  Cord 
Fabrics,  and  Industrial  Filaments,  made  from 
Man-Made  Organic-Base  Fibers".  Test  samples  are 
conditioned  for  a  minimum  of  16  hours  at  55% 
relative  humidity  and  75 °F.  One  out  of  every 
five  specimens  is  monitored  for  denier  (weight  in 
grams  of  9000  meters)  by  accurately  weighing  a 
90  cm  length.  Every  specimen  is  twisted  to  1.1 
twist  multiplier  where 


Twist  Multiplier  =  Turns/inch  x  Vdenier 
- 73 - 

Tests  are  conducted  on  specimens  of  10-inch 
gage  length  at  a  10%  per  minute  strain  rate. 
Calculations  for  strength  and  modulus  are  made  on 
a  grams  per  denier  basis  which  can  be  converted 
to  psi  by  multiplying  by  18,540  or  to  MPa  by 
mul  tiplying  by  127.8. 

The  denier  is  measured  after  drying  the  yarn 
for  a  minimum  of  3  hours  at  105°C  (220°F).  The 
denier  must  be  obtained  promptly  after  removing 
the  yarn  from  the  oven  because  p-aramid  has  a 
rapid  moisture  regain.  The  value  reported  for 
denier  is  an  average  of  two  specimens. 

Once  the  yarn  stress-strain  curve  has  been 
generated  and  the  operating  elongation  area  for 
the  cable  has  been  identified,  an  appropriate 
value  for  the  modulus  can  then  be  easily 
calculated. 

Selection  of  Aramid  Yarn  Version 

Figure  1  compares  the  stress-strain  curves  of 
various  zero-twist  p-aramid  yarns.  There  are 
currently  four  versions  of  Kevlar®  p-aramid  yarn 
available.  The-  version  68  and  version  149  yarns 
are  new  additions  recently  made  commercially 
available  to  give  designers  added  flexibility  in 
the  selection  of  yarn  stress-strain  properties. 

The  stress-strain  curve  of  149  yarn  is  more 
nonlinear  than  that  of  49  yarn.  Although  149 
yarn  has  a  higher  modulus  when  calculated  at  1.0% 
elongation,  at  elongation  ranges  of  0. 2%-0 . 5% , 
the  load-carrying  capacity  of  149  yarn  equals 
that  of  49  yarn.  Since  149  yarn  is  more 
expensive  than  49  yarn,  149  yarn  is  not 
recommended  for  general  use  as  a  fiber  optic 
cable  reinforcement. 


STRESS-STRAIN  CURVES 
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The  load-carrying  capacity  of  68  yarn  at  any 
given  elongation  is  approximately  10%  lower  than 
for  49  yarn.  Although  68  yarn  has  a  lower 
modulus  than  49  yarn,  it  is  also  priced  to 
reflect  this  difference  for  fiber  optic  end  uses. 
Version  68  yarn  is  therefore  recommended  for 
fiber  optic  reinforcement  applications  where  an 
increase  in  cable  diameter  is  of  little  design 
concern.  The  nonlinearity  in  the  stress- strain 
curve  for  68  yarn  is  about  the  same  as  for  49 
yarn. 

The  load-carrying  capacity  of  29  yarn  is 
much  lower  than  for  49  yarn  at  any  given 
elongation.  The  use  of  29  as  a  fiber  optic  cable 
reinforcement  is  cost  effective  only  when 
strength,  rather  than  modulus,  is  of  primary 
importance  in  the  cable  design. 

Effect  of  Yarn  Denier 

P-aramid  yarn  can  be  obtained  in  different 
yarn  sizes,  ’he  yarn  sizes  are  denoted  by  denier 
(the  weight  in  grams  of  9000  meters  of  yarn).  As 
Figure  2  shews,  p-aramid  yarn  can  change  as  a 
function  of  denier  with  lower  denier  yarns 
exhibiting  higher  modulus.  For  49  yarn,  the 
modulus  is  highest  when  determined  in  the 
0.2%-0.3%  elongation  range  and  drops  off  by 
roughly  20%  when  determined  for  the  0.6%-0.7% 
elongation  range.  One  exception  to  this  behavior 
pattern  is  the  2160  denier  49  yarn  which  has  a 
higher  modulus  when  calculated  at  0.4%-0.5% 
elongation  than  when  calculated  at  either  of  the 
other  two  elongation  ranges.  It  can  be  Important 
when  planning  the  reinforcement  of  a  fiber  optic 
cable  to  consider  the  effect  on  cable 
construction  of  the  tradeoff  between  the  larger 
number  of  ends  required  with  smaller  denier  yarns 
versus  the  higher  modulus  of  these  yarns. 
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FIGURE  2 

EFFECT  OF  DENIER  ON  MODULUS 
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FIGURE  4 

INFLUENCE  OF  TWIST  ON  LOAD 


Effect  of  Yarn  Twist 

The  yarn  twist  significantly  influences  the 
determined  modulus  of  p-aramid  yarn.  Figures  3, 
4.  5  and  6  show  the  effects  of  twist  multiplier 
(defined  above)  on  the  load-carrying  capacity  of 
various  versions  of  p-aramid  yarn.  For  all  yarn 
versions,  adding  twist  up  to  0.5  twist  multiplier 
i r creases  the  yarn  load-carrying  capacity.  The 
addition  of  more  twist,  particularly  at  levels 
Deyond  1.5  twist  multiplier  decreases  the  yarn 
load-carrying  capacity,  especially  at  elongations 
of  u.5t  or  more. 


INFLUENCE  OF  TWIST  ON  LOAD 
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INFLUENCE  OF  TWIST  ON  LOAD 


Modulus  values  for  p-aramid  yarns  are 
generally  quoted  in  the  literature  for  yarn 
twisted  to  1.1  twist  multiplier.  For  fiber  optic 
applications  higher  modulus  can  be  realized  at 
lower  yarn  twist  level  and  should  be  accounted 
for  when  designing  with  p-aramid  yarn  for  fiber 
optic  cable  ref nforcement. 
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Conclusions 


FIGURE  6 

INFLUENCE  OF  TWIST  ON  LOAD 


KEVVAfl'  M6  ARAMO.  TWO  OEMER 


Determining  modulus  values  for  p-aramid  yarn 
at  the  elongation  range  and  the  twist  level  for 
the  desired  fiber  optic  cable  application  can 
make  a  large  difference  in  the  amount  of  p-aramid 
needed  to  meet  performance  criteria.  Table  II 
shows  a  comparison  for  2160  denier  yarn  for 
version  49  p-aramid.  Using  modulus  values 
determined  for  zero-twist,  2160  denier  yarn  at 
the  elongation  range  of  0.42-0.5%  can  make  as 
much  as  202  difference  in  the  amount  of  yarn,  and 
therefore  the  raw  materials  costs,  required  to 
reinforce  a  typical  cable  rated  for  600  lbs.  at 
0.52  elongation. 

By  understanding  the  stress-strain  behavior 
of  p-aramid  cable  reinforcement,  better  cable 
designs  which  use  the  minimum  raw  materials 
necessary  can  be  realized.  In  addition, 

unnecessary  proveout  time  will  be  reduced  and 
higher  product  confidence  will  be  achieved. 


TABLE  II 

EFFECT  OF  ARAM1D  MODULUS  VALUE  IN  CABLE  DESIGN 

ASSUMPTIONS. 

•  600  lbs  rated 

•  (3)  0.5%  elongation 

•  2 1 60  denier,  Kevlar*  49  yarn 

CALCULATIONS: 

Modulus 

Modulus  Calc.  Conditions 


Value 

(Million  psi) 

(MPa) 

Elongation 

Range 

Twist 

Number  Yarn 
Ends  Needed 

16.5 

2,109 

0.4%-0.5% 

Zero-twist 

22 

15.5 

2,982 

Initial  modulus 

I.ITM 

24 

14.0 

1.790 

0.4%-0.5% 

1  ITM 

27 

CONCLUSIONS: 

As  much  as  20%  lower  yarn  needed  for  design  when  proper  modulus  selected. 
•Du  Pom  registered  trademark 
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ABSTRACT 

The  (viper  describes  detail  technology  ol 
repairing  submarine  cable  and  some  installation 
approaches  which  includes  (l)Setting  up  equipments 
tor  repairing  ship  such  as  hauling  machine,  winch 
and  cable  tank  etc.,  (2)  Submarine  cable  recovery, 
which  includes  processes  of  searching,  grapnelling 
and  picking  up,  (3)  The  splice  of  coaxial  cable, 

(4)  The  sweeping  assignment  and  investigation  of 
installation:  By  using  searching  equipment  lor 
removing  obstacles  of  submarine  cable  route  and 
sediment  sampling  as  for  burying  reterar.ee,  (5) 
Submarine  cable  installation  process,  which  covers 
the  cautionary  detail  items  and  explanation  ot 
burying  machines. 

1.  Introduction 

The  TM  submarine  coaxial  cable  system  is 
damaged  when  the  anchors  are  hooking  and  trawling, 
because  the  tault  area  is  full  of  fishing  activi¬ 
ties.  This  paper  describes  the  methods  and  pro¬ 
cesses  of  repairing  and  burying  submarine  cable. 

The  cable  was  buried  at  a  depth  deeper  than 
1  m  for  about  55  km  of  the  wh  le  route,  but  the 
repeater  is  buried  at  a  depth  of  about  60  cm  deep 
by  the  divers  assistance.  The  processes  of  whole 
operation  is  shown  a*'  flow  chart,  (see  figure  1.) 

2.  Cable  ship  for  repairing  work 

The  cable  ship  is  equipped  with  facilities  for 
the  installation  and  maintenance  of  submarine  cable 
and  is  designed  to  provide  safety,  large  working 
space  and  ease  of  operation  to  withstand  the  severe 
enviroment,  so  the  ship  is  unnecessary  a  large  body, 
only  the  fish  boat,  tugboat,  barge  is  remade  as 
following  condition. 

(1)  Cross  tonnage  ranging  from  100  to  200  tons, 
main  engine  horsepower  about  100  hp. 

(2)  The  central  part  ion  of  ship  can  accomodate 
spare  cable,  recovery  cable  and  materials  for 
repairing. 

(3)  With  suitable  place  to  set  the  instrumental 
equipment  and  machine  on  the  deck. 

(4)  Have  adequate  space  to  splice  the  cable  on  the 
deck . 

(5)  The  level  difference  hetween  the  front  and 
back  deck  is  small. 

(6)  Locate  ship  position  is  accurate. 

(7)  It  is  easy  to  operation  for  the  ship. 


Fig  1.  Flow  ('hart  of  repairing  submarine  cable 
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3.  Equipment  of  cable  ship  for  repairing  work. 

The  layout  of  equipment  is  shown  as  in  figure 
2  &  3  from  the  fish  boat  and  platform  ship  were 
remade.  The  cable  ship's  equipment  included  (1) 
Bow  sheave  and  shooter  (2)  stern  sheave  (3)  crane 

(4)  tension  meter  (5)  Bow  cable  engine  (6)  hold 
back  gear  (7)  cable  tank  (8)  cable  through  (9) 
taut  wire  gear  (10)  hauling  machine  (11)  radar 
(12)  satellite  navigation  system  (13)  cable  drum 
engine  (14)  winch  (15)  echosounder  (16)  current 
meter  (17)  buoy  set  (18)  bottom  sampler  (19) 
burying  machine  etc. 

control  center 


Fig  2.  The  layout  o f  repairing  ship  (from  fish  boat) 

operation  disk 


Fig  3.  The  layout  of  repairing  ship  (from  pj.it  form 
ship) 


4.  Cable  repair 

When  a  submarine  cable  is  damaged,  the  fault 
point  can  he  found  by  the  testing  of  the  landing 
station.  After  the  Mult  point  is  located,  a  cable 
ship  goes  to  the  fault  area  and  then  is  ready  for 
repairing  the  cable.  The  processes  of  cable  repair 
included  the  following  diseri ptions. 

4.1  Grabbing  cable 

For  casting  a  grapnel  on  the  seabed  from  the 
bow-sheave  for  grabbing  a  cable.  Its  processes  art* 


listed  as  follows. 

(1)  decides  the  direction,  location  and  range  of 
grabbing  cable,  then  marks  on  the  sea  chart. 

(2)  linking  the  Grapnel,  Grapnel  chain.  Grapnel 
rope  in  sequence,  and  set  the  Grapnel  under 
the  bow.  Grapnel  rope  encicles  on  the  winch. 

(3)  laying  the  Grapnel  into  the  sea  bottom  slowly 
from  the  Bow  sheave,  and  utilize  winch  to  con¬ 
trol  the  laying  speed. 

(4)  Grapnel's  location  must  be  controlled  far  from 
the  fault  point  about  200  to  500  m,  and  the 
Grapnel  rope's  length  is  about  twice  of  the 
water  depth  of  fault  point. 

(5)  During  the  grabbing  cable  is  processing,  condi¬ 
tions  of  the  wind,  tide,  current  and  water 
depth  etc,  need  to  be  considered. 

(6)  Operational  direction  of  grabbing  cable  must 
be  perpendicular  to  cable,  and  go  forward  :n 
zigzag. 

(7)  The  velocity  of  grabbing  cable  is  about  two 
knots . 

(8)  When  the  grapnel  rope's  tension  goes  up  gradually 
it  means  that  the  cable  have  been  gribboi. 

4.2  Picking  up  the  cable 

After  finishing  the  operation  of  grabbing 
cable,  then  picking  up  the  cable  on  board  finally 
cutting  down  the  cable  and  testing,  the  whole 
processes  are  described  as  follow. 

(1)  After  the  Grapnel  grabbing  the  cable,  untiliz- 
ing  the  winch  to  pull  up  the  Grapnel  rope,  at 
the  moment,  the  tension  of  Grapnel  rope,  need 
be  controlled  and  maintained  with  a  suitable 
tension  value. 

(2)  when  the  submarine  cable  is  pulled  near  the 
Bow  shooter,  the  Grapnel  chain  on  the  deck  is 
then  fixed.  By  utilizing  another  steel  wire 
to  lock  the  cable  and  loose  the  Grapnel,  then 
the  cable  is  received  by  winch. 

(3)  Utilizing  crane  to  life  the  Grapnel,  then  cutt¬ 
ing  it  ilown  and  testing  the  cable.  The  cable 
without  fault  is  attached  to  a  buoy  and  is  cast 
into  water.  The  other  cable  end  with  fault  is 
re pa i r  ed . 

4.3  Splicing  operation 

First,  cleaning  the  surface  of  recovery  cable, 
setting  the  working  frame  and  necessarily  equipment 
taking  out  the  spate  cable,  then  starting  the  working 
of  cable  splicing,  the  processes  shown  as  flow 
cha  r  t  in  figure  4 . 

4.4  Cable  laying 

It  is  important  to  lay  cable  with  the  proper 
amount  of  slack  an  a  route.  Excess  or  shortage 
of  this  slack  cruses  kinks  or  suspensions  which 
will  cause  damage,  theofore  adjusting  the  slack 
accurately  is  the  main  working  in  laying  cable. 

On  the  other  hand,  and  the  other  important  joint 
in  laying  cable  is  how  to  locate  ship  poition  and 
ship  velocity  accurately,  now  the  processes  of 
laying  cable  are  described  as  follow. 

(1)  to  control  the  ship  velocity  and  lay inq  velocity, 
the  ship  velocity  about  3  knots  (one  knot  equal 
to  1.85  km/hr)  at  this  operation. 

(2)  to  control  the  slack  which  can  be  inspected 
by  the  cable  horizontal  angle  into  the  sea. 

This  working  must  be  finished  by  the  experi¬ 
enced  technician,  to  control  and  to  adjust  it 
at  any  time. 
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(3)  during  the  cable  laying,  when  the  repeater  is 
laid,  it  will  be  very  careful,  because  the 
repeater  is  very  large  and  heavy,  it  can't  be 
laid  the  same  as  that  of  the  cable,  utilizing 
the  crane  to  lift  the  repeater  through  into 
the  cable  bell  mouth  carefully,  then  adjust 
the  width  of  hauling  machine  and  utilize  the 
cable  engine  to  pull  the  cable,  let  the  repea¬ 
ter  through  the  hauling  machine  into  the  sea. 

(4)  laying  near  the  buoy  of  another  end,  at  the 
moment,  the  laying  speed  must  reduce  slowly 
for  stopping  then  reovering  the  buoy  set  and 
caole,  loosing  the  buoy  set,  arranging  the  cable 
and  commencing  the  final  splice  ot  cable,  when 
the  splice  is  finished,  workinq  ot  laying  cable 
is  finished  too. 


Fj'i  Ihe  t  low  cl:  ir*  ot  spl  •.  cinq  operation 
5.  Cable  burial 

5.1  Sim-Ni»  tor  sweep 

He  fore  coisnonc  i  im  •  »b!o  laying  and  bury  i  no, 
final  con  t  :  rna  t  j  o,i  of  the  mute  where  the  cable 
was  to  be  buried  was  mi  do  with  t.h»*  a.-ist  in  re  of  i 
tugboat  to  check  hardness  nf  noabcMi  undulation  and 
obs  tac  1  er; . 

The  depth  measuring,  seat  r-d  simpler,  t  id#* 
current  measuring  and  an  anchor  towing  wrc  prefer- 
mod  before  the  cable  was  buried,  >nd  i  s#*a-b-  *  •  <  >r. 
sweep,  bottom  hardness  '-he-'k,  ;;**  a  -  hot  t.om  undulit  ir-.i 
reconf  i  rma t  ion  were  j  l  so  mad'-. 

5.2  Methods  of  cable  burial 

At  present,  methods  oj  e-tbl'*  burial  can  be 
split  broadly  into  two  groups. 

(1)  buried  as  laid  (simultaneously). 

The  method  applied  to  new  systems  under  iv.nn* 
tract,  ion  and  it  consists  of  t  he  s  imu  1  tane-ms 
laying  and  burying. 

(?)  burial  after  laying. 

The  method  involves  the  burial  of  cable  that 
has  previously  been  laid  on  the  seabed,  it  is 
usually  applicable  to  ma  i  rit  Hunc  of  ••xis’mg 
systems,  but  ran  a l so  be  used  lor  burying  new 
systems  short  ly  after  they  have  b#***n  laid. 


Because  the  TM  submarine  cable  is  the  existing 
system,  recovery  cable  from  seabed,  then  repairing, 
laying  and  burying,  so  the  method  of  burial  after 
laying  is  adopted. 

Early  Burial  after  laying  systems  are  based 
on  jetting  techniques  (water).  They  are  generally 
high-flow  medium-pressure  systems  and  range  from 
jetting  tools  directed  by  divers  through  to  purpose 
built  jetting  structures  that  straddle  the  pipe  or 
cable  and  extend  into  the  seabed  to  the  required 
depth  of  burial,  water  jets  break  up  the  seabed  and 
the  water  lifts  the  soil  out  of  the  trench  allowing 
the  cable  to  sink  to  the  bottom.  Motive  effort 
along  the  route  is  provided  by  surface  tow.  Gener¬ 
ally,  it  is  limited  to  shallow  water  because  of 
the  fluid  resistance  of  hoses  used  for  delivery  of 
air  and  water  from  pumps,  which  are  located  on  the 
surface  barge  or  suppe  rt  ship.  They  are  also 
limited  by  current  speed  and  water  depth.  Therefore 
it  is  necessary  to  have  divers  m  at  tend-n.'-,.  '<< 
supervise  the  operation. 

5.3  Burying  machine 
( 1  )  Outline 

This  wa  ter  jot- type  burying  machine  (it.  j  4.5 
tons,  4.7  r-  long,  3.7  m  wide  and  2.6  m  high)  consists 
ol  a  buryer,  skies  and  supporting  frame,  and  is 
provided  with  a  cable  depth  sensor  and  angle  sensor 
of  side  level.  The  buryer  moves  up  and  down  with  C 
on  the  drawing  as  its  axis,  when  setting  a  bolt  at 
point  A  on  the  guide  bar,  the  cable  burying  depth 
is  sot  it  2  M  rr  ix,  when  installing  a  bolt  at  point 
B,  the  cable  can  be  buried  down  to  1  M  n*x.  For 
ins'  ‘trice  when  setting  max  i  man  burying  depth  at  2  r 
lor  the  -able,  the  buryer  can  move  between  0  and 
2  m,  so  i  cable  depth  det.ocfor  aboard  the  ship  must 
be  monitored  while  burying  the  cable.  The  buryer 
i  :■  provided  with  12  water  jet  nozzles,  which  are 
irr  uujed  on  both  sides  ol  the  cable  guide  ditch. 

E ach  no/.zle  is  connected  •  o  2 BO  ps  pump  (transport 
water  pr  ensure  is  12  ko/ctr.‘‘ ,  water  quantity  is 
6000  r  .'nit.  for  one  set)  with  3"  hose.  The  w*  :  dht 
should  be  a  i  »us*ed  between  20  ind  30  kg  ic,-.,rdi:g 
to  the  SI‘.|  bod  guiiity  e-c. 

(?)  1  : :  s  *  •  :  .  i  *  :  u. 

When  ins*.  1 1  1  i  ng  t  h«*  wit«-r-et  typ#  2  tr  luryirw 
r.i'hine  on  the  he  icfi,  i  trench,  about  •  *r  lojj.j,  r- p 
cm  wide  md  1  r  t<-  2  n  ■i«*cp,  should  be  digger*,  it  ter 

1  lying  *  h»-  cable  it.  the  trench,  *  h»*  wid-r  ••■!  type 

2  r  burying  machine  should  be  ho;  st  r>i,  ’  !)*•!;  in.*d  gib'd 
along  *  h*  trench.  Paring  the  installation,  It 
needs  t  ■  coni  irt"  th.it  the  cable  is  certainly  placed 
1 1  am  the  ■  •  i r  1 1 .  gui  gr*  ditch  >  ■  t  the  buryer.  When 

the  wa  t  e  r  _!,•*■ - »  ype  burying  machine  has  been  installed 
,  Hi.  ....  •  h  • 1 .  id  be  install*!  ic-or:::  : 

•  •  •  he  s  *  •:  :  ;*••*.  p»  ■  •dure  :  •=»  p  •  -f'P,  p 

I  .•  *  .  r-  ill  -h.p,  :».*•!.,  -  t  .  r  •  :  -.i  y  .  t  i. 

(  1  1  C  lb  I  e  gej  f  b.  d**f  #..•(  or 

The  sense!  id  Cible  dept,  h  defecf.cr  l  ;■  :  r;  *  e  r  - 

l  •<..]  w  i  ♦  b  \\  lit  C  a.  t.he  drawing.  When  *  he  itm!*- 
N't  w<jn  !  h  ■  bur  ye?  i  e.  d  the  skit,  bottom  ■  s  dhiegog, 

•  >  1 1 1  p*  1 1 1  ■•{  *  h»-  vur  ;  iblr*  resistor  will  be  chirw'*d. 

This,  ;  n  *  tirr. ,  Mi"  vr  i  t  ige  i  s  changed  fed  enabling 
direct  t  e  id  ,  Ij.j  ..}  •  h*  <  •  1  b  i  e  I  'll  VMI'I  |ep*!.  •!.  1  he 

met.-r  the  ir-.l  the  sdi  i  p.  it  is.  also  possible  gt.f 

■  in  a  u  !  •  'S  1 1  j  c  r  ’  j  d«' t  , 

f  4  3  detected  cf  side  l-Vrl 

it  is  ■  h*  s  i  g  tied  so  thi*t  i  hi  •  incline  item  hide 
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to  side  of  the  waterjet  type  2  m  burying  machine 

is  sensed  by  an  angle  sensor,  thereby  enabling 

monitor. ng  it  aboard  the  ship. 

5.4  methods  and  processes  of  cable  burial 

(1)  first  inspecting  the  burying  machine's  equip¬ 
ment,  hose,  wire  and  buoy  is  set  or  not,  and 
starting  the  crane,  pump  (tran-port  water 
pressure  display  7-8  kg/cm^)  before  burial. 

(21  after  the  burying  machine  lauched  the  water, 
two  wire,  one  is  towing  wire  and  the  other  is  a 
control  cable,  are  used  to  tow  the  cable  burier. 
The  main  tensile  power  is  supported  by  the 
towing  wire  which  is  connected  with  the  cable 
bur ier . 

(3)  Burying  cable  speed  is  about  0.5-1. 5  knots, 
according  to  the  sea  bottom's  hardness. 

(4)  A  towing  angle  about  lO^-lO*  is  suitable  for 
the  vertical  anqle,  outside  this  range,  the 
cable  burier  becomes  unstable  and  either  of 
the  length  of  the  towing  wire,  or  the  speed  of 
ship  need  to  be  adiusted. 

(5)  This  operation  describes  the  method  of  burino 
after  laying,  when  the  burying  machine 
proceed  near  the  repeater  (about  distance  of 
600  to  800  m),  because  the  repeater  can't 
through  the  Buryinq  machine's  cable  guide,  so 
the  main  tugboat  must  stop  towing,  then  proceed 
slowly  and  is  changed  to  barge  towing  anchors. 
When  the  roller  touch  the  repeater,  the  tension 
value  of  tensionmeter  will  be  enlarged,  at  *.  he 
moment,  the  operation  rust  step  and  the  divers 
loose  the  lock  between  cable  ouide  ind  cable 
into  the  sea,  then  take  the  cable  to  hang  on 
the  roller,  Burier  continue  going  toward.  At 
last,  loosing  the  roller,  let  the  repeater  be 
through  the  Burier  .and  then  finish  the  oper¬ 
ation  of  cable  burial. 

(6)  Burial  of  the  repeater  by  the  divers  who  hold 
the  water-jet  into  the  seabed,  and  jet  water 
into  the  ^oft.  mud,  the  repeatr  was  merged 
slowly,  the  depth  of  burial  is  about  0.6  m. 

(7)  the  layout  of  Burying  operation  is  shown  as 
figure  5 . 


Burier  wire  length:  about  double  water  depth 
Inlet  hose  length:  burier  wire  length  *  I0M-20M 

depth  sensor  cable  length:  inlet  hose  longth  ♦  I0M 
roller  wire  length:  about  I0M  above  the  seabed 


6.  Conclusion 

Submarine  cable  transmission  systems  have 
played  an  important  role  in  the  telecommunication 
network,  the  inevitable  expansion  of  global  commun¬ 
ications  will  increase  the  demand  for  submarine 
cable  systems  in  the  future.  In  order  to  ensure 
that  the  best  protection  is  provided  against  envir¬ 
onmental  hazad  from  the  increase  in  size  of  fish¬ 
ing  boats,  dreadgers  and  other  ships.  At  present, 
burying  submarine  cable  in  the  seabed  is  still  an 
effective  method  to  ensure  the  reliabilty  of 
submarrine  cable  systems. 

It  is  a  trend  and  necessity  for  the  cable  burial 
uxfuipment  and  technique  need  to  be  developed  and 
be  suitable  for  any  different  enviornment,  in  the 
future. 


References 

1.  E.  E.  EATAC,  "Dynamics  and  Kinematics  of  the 
Laying  and  Recovery  of  Submarine  Cable",  B.S.  T. 
J,  36,  Sept,  1  957  .  ppU29-1207. 

2.  R.  W.  CRETTCY,  "Cable  payout  System",  B.  S.  T.  j, 
July,  1964,  ppl 395-1433, 

3.  Toshio  Sekine,  "Submarine  Cable  Activities  in 
NTT",  J.  T.  R.  April  1979,  pp90-97. 

4.  Hideo  Uematsu,  Norio  Abe,  ichiro  0no  and  Mitsuo 
Iida,  "Asean  Submarine  Cable  system  (Malaysia- 

S j nga por -Tha i 1  and ) " ,  Fujitsu  Sci,  Tech,  J.  19, 

2,  June,  1983,  ppl99-238. 

5.  Yasuii  Murakami,  "Seabed  Surveying  and  Cable 
Burying  Equipment  ( SEAB )  for  the  new  Cable  ship 
Koyo  Maru",  J.  T.  R.  Octor.  1984,  pp258-263. 


Fwu-Kuan  Tsai 

P.0.  BOX  71.  Chung-Li 

Taiwan,  Republic  of  China 

He  received  a  M.  S  degree  in  Harbor 
and  River  engineering  in  1982  from 
National  Taiwan  college  of  Marine 
science  and  Technology.  He  joined 
Telecomunication  Laboratories  D.  G. 
T.  in  1985  and  now  is  a  member  of 
out-side  plant  department. 


Fig  5.  Burying  operation 


International  Wire  &  Cable  Symposium  Proceedings  1987  191 


Gwo-Tay  Tzeng 
P.0.  BOX  71.  Chung-Li 
Taiwan,  Republic  of  China 
He  received  a  M.  S.  degree  in  Harbor 
and  River  engineering  in  1982  from 
National  Taiwan  college  of  Marine 
Science  and  Technology.  he  joined 
Telecomunication  Laboratories  D.  G. 
T.  in  1985  and  now  is  a  member  of 
out-side  plant  department. 


Shinq-Fwu  Lin 
P.0.  BOX  71.  Chung-Li 
Taiwan,  Republic  of  China 
He  received  a  M .  S.  degree  in 
Hydraulics  and  ocean  Engineering  in 
1983  from  National  Cheng-Kung 
university.  He  joined  telecomunica¬ 
tion  Laboratories  D.  G.  T.  In  1985 
and  now  is  a  member  of  out-side 
plant  department. 


Hai-Kuen  Peng 
P.0.  BOX  71.  Chung-Li 
Taiwan,  Republic  of  China 
He  received  a  M.  S.  degree  in 
oceanography  in  198S  from  National 
Taiwan  university.  He  joined 
telecomunication  Laboratories  D.  G. 
T.  In  1985  and  now  is  a  member  of 
out-side  plant  department. 


192  International  Wire  &  Cable  Symposium  Proceedings  1987 


INTERFEROMETRIC  CHARACTERIZATION  OF  A  BICONIC 
FIBER  OPTIC  CONNECTOR  SLEEVE 

M.  J.  Saunders  and  B.  V.  Darden 


AT&T  Bell  Laboratories 
Norcross,  Georgia 


Abstract 

An  interferometric  method  is  described  for  measuring  the 
absolute  value  of  the  biconic  sleeve  end  separation  of  the  master 
sleeve  used  to  determine  the  suitability  of  plastic  product  sleeves. 

The  end  separation,  g2>  is  defined  as  the  outermost  distance  between 
two  truncated  balls  of  a  particular  diameter  inserted  with  a  particular 
force  into  both  openings  of  a  biconic  connector  sleeve.  Previously, 
the  absolute  value  of  end  separation  was  not  measured  so  that  one 
never  knew  whether  or  not  wear  of  the  master  sleeve  contributed  to 
the  product  sleeves  being  out  of  tolerance.  Sources  of  error  are 
discussed  and  the  result  of  ten  measurements  of  the  master  sleeve  end 
separation  is  g2  *  (7.5659  ±  0.0008)  mm. 


Introduction 

In  a  biconic  connector  assembly,  the  precise  alignment  of  the 
fiber  plugs  within  the  connector  is  greatly  affected  by  the  mechanical 
precision  of  the  biconic  components.  In  particular,  the  biconic  sleeve 
end  separation,  g2«  (see  Figure  1)  is  a  quantity  of  paramount 
importance.  Currently,  g2  is  measured  by  inserting  with  a  particular 
force,  F,  a  truncated  precision  steel  ball  into  each  end  of  the  plastic 
product  sleeve  and  comparing  the  separation  between  the  gage  balls 
with  the  separation  when  they  are  inserted  into  a  precision  reference 
steel  sleeve.  Thus,  the  measurement  is  relative  and  only  the 
deviation  with  respect  to  the  reference  steel  sleeve  is  measured. 
Consequently,  any  undetected  wear  of  the  reference  sleeve  will  result 
in  a  shortening  of  the  product  sleeve  end  separation,  leading  to 
instability  of  fiber  connections  and.  in  the  worst  case,  broken  fibers. 
In  this  paper  we  describe  an  interferometric  method  for  determining 
the  end  separation  of  the  master  sleeve.  This  method  could  also  be 
used  to  measure  plastic  product  sleeves. 


The  method  described  here  uses  another  approach  to  determine 
g2,  shown  in  Figure  2.  An  untruncated  ball  of  diameter  d  is  inserted 
under  a  force  F  in  the  upper  cone  of  the  biconic  sleeve  and  the 
location  of  the  upper  pole  of  the  ball  is  determined.  The  ball  is  then 
removed  from  the  upper  cone  and  inserted  in  the  lower  cone  under  a 
force  F.  Again,  the  location  of  the  upper  pole  of  the  ball  is 
determined.  The  difference  between  these  locations  is  g  ( .  A 
measurement  of  the  diameter,  d,  of  the  ball  then  gives  g2  =  g,  +  d, 
the  biconic  sleeve  end  separation. 


F 


F 


Figure  2.  Biconic  Sleeve  End  Separation  Using  One  Sphere. 


300gm<  — 


300gms. 


K - &2 - H 

BICONIC  SLEEVE 
END  SEPARATION 

Figure  I.  Biconic  Sleeve  End  Separation  Using  Two 

Truncated  Spheres. 
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Experimental 

The  interferometric  method  of  determining  g2  can  be 
understood  by  means  of  Figure  3.  A  precision  ball  (the  diameter  to 
be  determined)  is  placed  in  the  upper  cone  of  biconic  sleeve,  A.  The 
ball  is  loaded  to  300  grams  against  the  upper  cone  by  means  of 
hollow  tube,  C,  connected  to  cross-slide,  E,  through  fixtures  D,  Dt, 
and  load  cell,  F.  Slide  E  is  attached  to  two  orthogonal,  horizontally¬ 
acting  cross-slides,  £ , . 


The  interferometer,  G,  is  a  commercially  available  Michelson 
interferometer  attached  to  body  lube,  K,  of  a  microscope  that  has  a 
precision  fine  foes  control  with  a  least  count  of  1  pm.  This 
microscope  is  firmly  attached  to  a  vertically-acting  cross-slide  that 
serves  as  a  fast-acting  coarse  focus  control.  The  beamsplitter  cube, 
H,  in  combination  with  other  optical  elements,  is  a  10X  microscope 
objective.  Therefore,  when  the  microscope  is  focussed  on  an  object, 
the  interferometer  can  be  adjusted  so  that  the  object  is  crossed  with 
interference  fringes. 
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A  while  light  source,  J,  is  used  to  illuminate  the  interferometer 
and,  by  means  of  the  coarse  and  fine  focus  controls  of  the 
microscope,  the  interferometer  is  adjusted  until  the  distance  between 
the  center  of  the  beam  splitter,  H,  and  the  uppermost  point  on  the 
surface  of  the  ball  is  equal  to  the  distance  between  the  center  of  H 
and  1,  the  reference  minor  of  the  interferometer  (equal  distance 
condition).  When  this  condition  obtains,  circular  concentric,  high 
contrast  interference  fringes  appear  around  the  uppermost  point  on  the 
ball.  The  fringe  contrast  decreases  as  the  interferometer  is  moved  so 
as  to  upset  the  equal  distance  condition.  For  the  interference  fringes 
to  disappear,  the  interferometer  must  be  moved  on  the  order  of  the 
\2 

coherence  length  of  the  source,  where  X  is  the  mean  wavelength 

and  AX  is  the  wavelength  range.  For  the  while  light  source,  J,  X  and 
AX  are  approximately  0.6  \im  and  0.4  |im,  respectively,  so  that 
X2 


AX 


=  0.9  pm  so  that,  if  the  interferometer  is  moved  about  0.9  pm 


from  the  equal  distance  condition,  the  fringes  disappear.  However, 
the  contrast  of  the  fringes  varies  from  a  maximum  value  at  the  equal 

X2 

distance  condition  to  a  value  of  zero  at  —  and  if  the  equal  distanee 

AX 

condition  is  upset  by  0.3  pm,  the  contrast  decrease  is  discernible  by 
the  human  eye.  Therefore,  the  location  of  the  uppermost  surface  of 
the  ball  when  loaded  into  the  upper  cone  can  be  determined  with  an 
uncertainty  of  about  ±  0.3  pm. 


Bracket  L,  attached  to  the  microscope  hotly  tube,  supports  a 
retroreflecior.  M,  that  is  the  movable  mirror  of  another  Michelson 
interferometer  contained  within  the  dashed  circle  on  Figure  3.  In  this 
interferometer,  N  and  M*  are  fixed  mirrors,  O  is  a  helium -neon  laser 
and  detector  and  P  is  a  bidirectional  fringe  counter  that  is  used  to 
determine  the  motion  of  M,  the  same  motion  as  that  of  the 
interferometer.  G.  The  interferometer  within  the  dashed  circle  is  a 
Hew  lett  Packard  5501 A  Laser  Transducer  System,  the  least  count  of 
which  is  X/ 4  =  0.16  pm. 


After  the  equal  distance  condition  has  been  obtained  with  the 
ball  in  the  upper  cone  of  the  biconic  sleeve,  the  counter,  P,  is  zeroed, 
the  load  is  removed  from  the  ball  and  the  lube,  C,  and  fixture,  D,  arc 
removed  from  Dx.  The  hall  is  removed  from  the  upper  cone  and 
transferred  to  the  tubular  top  of  D\,  Cross-slide,  E,  is  then  advanced 
until  the  ball  is  seated  in  the  lower  cone  under  a  load  of  300  grams. 
The  loading  of  the  ball  in  the  lower  cone  is  shown  on  the  right  of 
Figure  3.  A  tube  connected  to  a  vacuum  line  is  used  for  transferring 
the  ball. 


Interferometer,  G.  is  then  driven  down  by  means  of  the  coarse 
focus  cross-slide  and  the  line  focus  control  until  the  equal  distance 
condition  is  restored. 


As  the  interferometer  is  moved  from  the  equal  distance 
condition  for  the  ball  in  the  top  cone,  the  bidirectional  counter,  P, 
counts  the  passage  of  monochromatic  interference  fringes,  and  when 
the  equal  distance  condition  is  reached  with  the  ball  in  the  lower 
cone,  the  distance  between  these  two  equal  distance  conditions  (g]  in 
Figure  2)  is  known.  However,  the  biconic  sleeve  end  separation  is 
the  sum  of  g  x  and  of  the  ball  diameter. 

To  determine  the  ball  diameter,  we  proceed  as  follows:  The 
biconic  sleeve  is  moved,  by  means  of  the  horizontally -acting  cross- 
slides,  E  i ,  so  that  an  optical  fiat,  Q,  placed  on  a  levelling  plate,  is 
intersected  by  the  optical  axis  of  the  microscope.  The  microscope 
and  interferometer  am  positioned  so  that  the  equal  distance  condition 
is  obtained,  with  respect  to  the  optical  flat,  whereupon  a  few  straight 
line,  colored  interference  fringes  will  be  seen  superimposed  on  the 
flat.  The  levelling  plate  is  then  adjusted  so  that  the  optical  axis  of 
the  microscope  is  perpendicular  to  the  optical  flat.  This  condition 


means  that  the  fringe  spacing  is  infinite  so  that  one  fringe  covers  the 
entire  optical  flat.  The  equal  distance  condition  is  manifested  by  a 
white  field,  the  central  fringe.  The  field  is  colored  (one  color  over 
the  entire  flat)  when  the  equal  distance  condition  is  upset.  The  fringe 
counter  is  reset  to  zero  and  the  ball  to  be  measured  is  placed  on  the 
optical  flat  and  held  there  by  two  magnetic  strips  glued  to  the  flaL 
The  microscope  and  interferometer  are  raised  until  the  equal  distance 
condition  is  satisfied  with  respect  to  the  uppermost  point  of  the  ball. 
The  diameter  of  the  ball  is  given  by  the  fringe  counter  reading. 

Since  g ,  and  d  have  been  measured,  the  biconic  sleeve  end 
separation  is  known. 


Error  Considerations 

There  are  a  number  of  possible  error  sources  that  must  be 
considered  if  the  biconic  sleeve  end  separation  is  to  be  accurately 
determined.  These  sources  can  be  reduced  to  negligible  values  by 
properly  aligning  the  apparatus  and  by  working  in  a  clean 
environment. 

The  central  ray  of  the  beam  reflected  toward  the  ball  by  the 
beamsplitter,  H,  must  be  directed  along  a  diameter  of  the  ball.  If  the 
central  ray  of  the  downward  directed  beam  is  displaced  from 
coincidence  with  a  diameter  of  the  ball  by  the  amount,  5,  the  ball 
diameter,  d,  will  be  in  error  by  d-d  ~  S2 /d,  where  d  is  the 
apparent  ball  diameter.  Since,  for  5  *  0,  the  measured  diameter,  d, 
is  too  small,  the  quantity  g2  will  be  too  small.  When  the  central  ray 
is  parallel  and  col  inear  with  a  diameter  of  the  ball,  the  interference 
fringes  are  concentric  circles,  the  luminance  of  a  fringe  being 
constant  along  the  fringe.  However,  if  the  central  ray  is  parallel  to  a 
diameter  of  the  ball,  but  is  displaced  by  an  amount.  6,  the  fringes  are 
ellipses,  the  ellipticity  increasing  with  5,  and  the  luminance  of  a 
fringe  is  dependent  upon  position  along  the  fringe.  The  minimum 
value  of  5  for  which  a  change  in  the  luminance  along  one  of  the 
while  light  fringes  can  be  visually  detected  is  about  0.051  mm  for  a 
steel  ball  of  diameter  about  4.8  mm,  so  that  the  uncertainty  in 
diameter  is  d-d  ~  0.5  \im. 

Another  important  consideration  is  the  presence  of  foreign 
matter  on  the  ball,  the  biconic  sleeve  and  the  optical  flat  used  in  the 
ball  diameter  measurements.  Foreign  matter  on  the  optical  flat  causes 
a  shift  in  the  interference  fringes  as  the  Cringes  cross  the  foreign 
matter,  or  when  a  fringe  is  spread  over  the  entire  flat,  by  a  color 
change  at  the  location  of  the  foreign  matter.  Foreign  matter  of 
diameter  0.5  ton  can  be  detected  in  this  manner. 

Foreign  matter  between  the  ball  and  the  biconic  sleeve  would 
cause  the  value  of  g  x  to  be  too  large.  A  group  of  particles  of  mean 
diameter,  p,  between  the  ball  and  the  cone  will  cause  the  ball  to 

move  away  from  the  apex  of  the  cone  by  an  amount  Ah  =  f  •  , 

sin© 

where  6  is  the  half-angle  of  the  cone.  For  8  =  9.75*,  All  =  6 p.  If 
these  particles  arc  present  along  the  line  of  contact  for  both  cones,  g , 
will  be  increased  by  2A h  -  12 p.  If,  however,  only  one  particle  is 
between  the  ball  and  the  cone,  A h  =  3 p,  and  if  this  obtains  for  both 
cones,  g!  will  be  increased  by  A h  =  6 p.  Wc  think  that  a  single 
particle  between  the  ball  and  cone,  for  both  cones,  is  the  more 
realistic  case.  Wc  determined  gj  ten  times  with  c  =  2.0  pm. 

Equating  this  to  Ah  =  6p,  we  obtain  p  =  0.3  pzw,  a  reasonable  value 
for  the  size  of  a  particle  of  foreign  matter.  This  discussion  shows  the 
importance  of  cleanliness  in  these  measurements. 


International  Wire  &  Cable  Symposium  Proceedings  1987  195 


Another  source  of  error  is  the  motion  of  the  biconic  sleeve 
when  the  ball  is  subjected  to  the  loading  force  of  300  grains  due  to 
bending  and  displacement  of  components  S,  T,  U,  V  and  W,  Figure 
4,  that  support  and  connect  the  biconic  sleeve  to  the  vertically-acting 
cross-slide,  E.  This  motion,  in  the  direction  of  the  applied  load, 
causes  the  distance  gi  to  be  too  small.  To  investigate  this  motion,  a 
steel  ball  was  placed  on  top  of  S,  and  the  motion  of  the  ball  was 
measured  interferomctcrically  as  the  loading  force  on  a  ball  placed 
first  in  the  upper,  and  then  in  the  lower  cone,  was  varied.  If,  due  to 
loading,  the  biconic  sleeve  moves  down  by  and  up  by  y2  when  the 
ball  is  in  the  upper  and  lower  cones,  respectively,  then 
(s i)~.  =  (S iXot,  +  (yi  +  >2)-  For  F  =  300  grams, 

>'j  +  y 2  =  0.5  pm,  while  for  F  <  200  grams,  yl  +  y2  is  negligible. 


Figure  4.  Diagram  of  Ball  Loading  Apparatus 


The  last  error  to  be  discussed  is  the  so-called  "cosine  error", 
that  arises  when  the  motion  of  the  retrorc  flee  tor,  M,  Figure  3,  is  not 
parallel  to  the  direction  of  the  laser  beam.  A  lateral  displacement  of 
the  laser  beam  at  M  is  observed  if  M  moves  at  an  angle  to  the  laser 
beam.  This  lateral  displacement  can  be  effectively  reduced  to  zero  by 
adjusting  the  tilt  of  the  plane  mirror,  M\  Figure  3,  below  the 
rciTorcflcctor. 

Results 

The  ball  used  to  obtain  g  ,  is  a  master  grade  tungsten  carbide 
ball  manufactured  by  Industrial  Tectonics,  Inc.  of  Ann  Arbor, 
Michigan.  The  manufacturer  reports  an  average  diameter  of  4.7625 
mm  and,  for  10  measurements,  the  sphericity,  the  difference  between 
the  maximum  and  minimum  diameters,  of  0.025  \\m.  Using  the 
procedure  described  in  this  paper,  d  =  4.7622  mm  for  12 
measurements,  with  a  standard  deviation  o  =  0.8  pun.  The  standard 
deviation  of  the  average  is  =  0.2  pun.  Consequently,  there  is  no 
significant  difference  between  the  two  diameter  determinations.  The 
value  of  sphericity  obtained  by  the  manufacturer  implies  a  standard 
deviation  less  than  0.025  pun,  or  about  30  times  less  than  the  value 
obtained  using  the  procedure  of  this  paper.  Wc  attribute  the 
difference  primarily  to  the  presence  of  foreign  matter,  since  the 
interferometric  apparatus  is  not  located  in  a  clean  room  and  since  we 
have  estimated  from  the  standard  deviation  of  the  g  \  measurements 
that  the  mean  diameter  of  a  foreign  particle  is  about  0.3  pun. 

The  quantity  g  5  was  measured  ten  times,  using  the  tungsten 
carbide  ball,  and  g,  =  2.8032  mm,  with  cr  =  2.0  pm  and 
Ojj  -  0.6  pm.  Since  we  have  indicated  that,  for  F  =  300  grams, 
yx  +  y2  =  0.5  pm,  the  true  value  is  g,  =  (2.8032  +  0.0005)  mm,  or 
g ,  =  2.8037  mm.  Consequently,  adding  to  g ,  the  average  diameter 
of  the  ball,  d,  we  obtain,  for  the  biconic  sleeve  end  separation,  g2  - 
7.5659  mm. 

The  standard  deviation  of  g2  is  otJ  -  (od  +  a,2)1'2  and 
od  -  [(0.2)2  +  (0.5)2}u2  =  0.54  pm,  where  the  0.5  pm  is  due  to  the 
uncertainty  in  knowing  whether  or  not  the  central  ray  of  the  beam  is 
coincident  with  a  diameter  of  the  ball.  Using  od  -  0.54  pm  and 
crfl  =  0.6  pm,  a,2  =  0.8  pm  so  that,  g2  =  (7.5659  ±  0.0008)  mm. 
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ABSTRACT 

In  this  paper,  a  new  procedure  for 
jointing  air-core  foam-skin  STP  and  paper 
insulated  STP  cables  was  developed  and 
field  tested.  Instead  of  a  previous  by¬ 
pass  set  up,  silica  gel  powder  was  packed 
in  a  chain  envelope  of  non-woven  fiber  and 
wrapped  around  splices  core.  The  detailed 
procedure  and  practical  evaluation  of 
different  desiccants  is  discussed.  This 
method  has  been  proved  efficient  and  can 
be  applied  to  either  mechanical  closure  or 
lead  sleeve. 


Int roduct ion 


It  was  decided  in  1985  to  phase  out 
the  paper  STP  cables  previously  used  in 
Taiwan,  and  to  replace  it  with  the  new 
foam-skin  STP  cables.  However,  the  number 
of  paper  STP  cables  installed  in  Taiwan 
was  so  large  in  quantity  that  it  would 
take  several  years  before  a  complete 
conversion  is  possible.  At  the  same  time, 
connection  between  these  two  types  of 
cable  would  be  unavoidable.  Previous 
experiences  on  the  connection  of  PEF  and 
paper  STP  cable  indicated  that  the 
transfer  of  moisture  from  the  plastic 
insulated  cable  to  the  paper  insulated 
cable  would  cause  problems  in  the  latter 
case.  Therefore  a  method  to  prevent  the 
transfer  of  moisture  in  such  junctions  was 
needed . 

Foam-skin  cable,  or  plastic 
insulated  cable  in  general,  has  a  higher 
resistance  to  the  moisture  than  the  paper 
insulated  cable.  Moisture  usually  has 
limited  influence  on  the  insulating 
resistance  of  the  plastic  insulated  cables 
unless  the  cable  is  filled  with  condensed 
water.  On  the  other  hand,  the  insulating 
resistance  of  the  paper  insulated  cables 
decreases,  while  its  conductance  and 
capacitance  increase  exponentially  with 
the  moisture  content  in  the  cable.  Friesen 
and  Windeler  (1)  studied  the  effect  of 
moisture  on  paper  cable  and  plastic 
insulated  cable  (PIC).  They  found  that 
when  air  core  pulp  cable  is  pressurized 


via  a  PIC  cable,  the  relative  humidity  of 
the  air  will  build  up  to  a  point  where  it 
can  degrade  the  electric  properties  of  the 
pulp  cable.  They  also  suggested  that  the 
PIC-pulp  cable  junction  should  be  plugged 
and  another  air  source  should  be  used  for 
the  pulp  cable,  in  order  to  avoid  the 
moisture  problem. 

In  this  study,  a  method  of 

eliminating  moisture  from  the  foam  skin 
pulp  cable  junction  was  proposed  and 
field  tested  in  experimental  route.  This 
method  was  able  to  remove  the  moistur- 
blow  out  of  the  plastic  cable,  and  keep 
the  paper  STP  cable  under  a  very  low 
relative  humidity  for  a  long  time. 


Problem  specification: 

The  FS  STP  cable  used  locally  has  a 
core  thickness  of  0 .  1 1  ram ,  with  about 
0.0275  mm  of  skin(2,3).  The  radius  of0»h? 
pores  in  the  foamed  part  was  under  50A  as 
determined  by  mercury  penet rat  ion { 4 ) . 
Although  the  purchasing  specification 
required  that  the  dew  point  of  the  filling 
gas  in  the  cable  be  below  4°C,  the 
relative  small  pores  of  the  foam  skin 
could  adsorb  a  large  amount  of  water. 
Moreover,  the  core  wires  were  so  tightly 
packed  in  the  cable  that  it  became  a 
difficult  process  to  purge  the  moisture 
out  of  the  cable.  For  example,  when  a  one 
meter  cut  of  a  fresh  cable  was  purged  with 
0.5  1/rain  of  dry  nitrogen,  the  dew  point 
took  seven  Jays  to  drop  from  •)  C  to  -20JC 
There  was  an  amount  of  580  mg  of  water 
collected  at  the  exit  for  this  one  meter 
cable . 

It  has  been  set  that  the  compressed 

air  used  as  air  core  for  the  paper  STP 
cable  must  meet  a  dew  point  specification 
of  below  - 2 0 c C .  Therefore,  even  without 
foreign  water  from  outside  the  cable,  580 
mg  of  moisture  must  be  removed  per  each 
meter  pt  foam  skin  cable  ahead  of  the 
junction  before  the  compressed  air  can  be 
passed  into  the  paper  insulated  cable. 

Purging  the  FS  cable  with  dry  air 
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before  connection  would  be  impossible  as 
it  was  found  that  it  took  almost  a  week 
just  to  dry  ten  meters  of  FS  cable.  Using 
another  air  source  for  the  paper  insulated 
cable  as  suggested  by  Friesen  and  Windeler 
was  also  impractical  since  extra  air 
source  would  not  be  conveniently  available 
at  the  junction  site.  We  were  therefore 
forced  to  consider  a  direct  way  of 
removing  the  moisture  at  the  junction. 

A  desiccant  unit  was  first  proposed 
and  subjected  to  field  test  at  some 
experimental  junctions.  The  junction  was 
plugged  at  the  center,  and  air  nozzles 
were  made  at  both  side  of  the  plug.  Air 
was  bypassed  through  a  drier  before 
entering  the  paper  cable  side.  Dew  point 
measurement  on  the  paper  cable  side 
indicated  that  the  moisture  was 
effectively  removed.  However,  there  were 
other  problems  associated  with  this 
practice  found  in  the  field  test.  For 
example,  local  manhole  are  typically 
crowded  with  cables  and  junctions.  They 
are  mostly  filled  with  water  or  at  best 
very  humid.  A  desiccant  unit  occupied  too 
much  space  in  the  manhole.  Making  gas 
nozzles  on  junction  was  a  difficult  work 
in  such  a  environment.  The  bypass  tubing 
as  well  as  the  desiccant  unit  corroded 
quickly  in  the  wet  condition  of  the 
manhole,  which  cause  additional  problems. 

The  proposed  solution 

The  desiccant  unit  was  finially 
replaced  with  a  direct  approach  of 
encapsulation  of  the  moisture  adsorbent 
in  the  junction  body  itself.  The  new 
approach  occupied  less  space  and  was 
easier  to  work  with.  No  gas  nozzle  was 
needed  which  means  less  corrosion  problem. 
It  can  be  used  with  any  existing  cable 
junction  structure  without  much  trouble. 

There  were  two  possible  choice  of 
desiccant(5)  materials,  molecular  sieve 
and  silica  gel.  Molecular  sieve  has  a 
strong  affinity  toward  moisture,  and 
saturated  at  a  very  low  humidity  in  a 
short  time.  It  require  a  very  high 
temperature  to  regenerate,  which  is 
impossible  to  attend  on  site.  Silica  gel, 
on  the  other  hand,  has  a  lower 
regeneration  temperature.  It  change  color 
on  the  adsorption  of  moisture.  This  would 
be  a  very  indicative  sign  of  the  residual 
desiccant  ability. 

It  was  found  that  small  silica  gel 
packages  were  commercially  used  in  many 
food  and  drag  container.  These  packages 
were  made  of  about  5  grams  of  silica  gel 
in  a  non-woven  fibber  envelope.  It  could 
be  purchased  as  a  chain  of  50  continuous 
envelopes.  This  form  of  packaging  is  very 
suitable  for  our  purpose.  Based  on  the 


sorption  capacity  of  silica  gel  and  the 
amount  of  moisture  in  the  FS  cable,  it  was 
determined  that  four  of  this  50  envelope 
chain  were  needed  for  drying  each 
kilometer  of  FS  cable. 


These  chain  of  desiccant  packages 
were  used  to  wrapped  around  the  core  body 
of  the  cable  junction  after  the  copper 
wires  were  cornected.  Other  than  this 
step,  ail  the  other  procedures  of  making 
a  cable  junction  were  the  same  as  usual. 
The  desiccant  packages  were  regenerated  at 
the  hot  air  blowing  step,  which  was 
commonly  used  to  dry  the  core  body  in  the 
convensional  procedure.  Only  in  this  case, 
a  longer  purge  time  of  one  and  half  hours 
was  needed. 


The  envelopes  chain  of  desiccant  was 
showed  in  photo  1.  They  were  about  5  cm  in 
width,  and  could  be  mananged  easily.  A 
half  assembled  junction  was  showed  in 
photo  2,3.  The  desiccant  packages  did  not 
increase  the  junction  size  by  too  much. 
Since  there  was  very  little  change  made  to 
the  conventional  junction  method,  this 
proposed  procedure  need  practically  no 
training  at  all . 


Photo  2  A  half  assembled  lead  sleeve 
closure  with  desiccant  envelopes 
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Photo  3  A  half  assembled  mechanical 

closure  with  desiccant  envelopes 


Field  test  result 


Three  test  routes  each  with  a  1.1  Km 
long  FS  cable  were  connected  with  paper 
STP  cables.  The  supply  air  was  kept  at 
0.5  1/min  with  a  dew  point  of  The 
dew  point  on  the  paper  cable  side  was 
constantly  monitored.  It  was  -20<’C  when 
the  junction  was  first  completed.  it 
gradually  raised  to  -10  C  a  month  latter. 
At  which  instance,  the  junctions  were 
reopened,  and  hot  air  purge  was  again 
applied  for  another  hour.  The  dew  point  at 
the  paper  side  quickly  dropped  to  -20°C 
after  this  regeneration.  This  value  of  dew 
point  last  for  more  than  half  year  without 
much  increase  since  then. 


Conclusion 

A  method  of  applying  desiccant 
material  directly  at  the  junction  of  foam- 
skin  to  paper  cable  was  proposed.  It  was 
easy  to  use  and  made  very  little  change  to 
the  original  procedure  of  cable  junction. 
No  extra  training  was  needed.  If  it  is 
combined  with  a  mechanical  closure, 
regular  regeneration  could  be  conveniently 
made  to  ensure  the  dryness  of  the  air 
going  from  the  foam  skin  cable  side  to  the 
paper  cable  aide.  The  problems  associated 
with  the  moisture  in  the  paper  STP  cable 
could  thus  De  eliminated 
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A  bsti r  act 


Laboratory  and  field  measurements  on 
single-mode  splices  verify  that  tne  } r D H , 
the  Local  Splice  Alignment  and  Measurement 
method  and  the  two-point  transmission 
measurement  are  in  good  agreement.  The 
ability  to  construct  low  loss  mechanical 
splices  in  the  lab  and  field  is  verified. 


Introduction 

Tne  easiest  and  most  common  methods 
for  measuring  splice  losses  in  tne  fi--l 
are:  ( 1  )  local  detection  1  and  C  )  G  p  t  i a  1 

Time  Domain  Reflectometry  lOfDh).  Botn 
are  ’secondary*  measurements  that  detect 
scattered  power  and  infer  splice  loss.  A 
’primary’  splice  measurement  method  is  the 
two -point,  cut-back  (  ^  P  C  B  )  transmission 
loss  measurement.  However,  it  is  a  des¬ 
tructive  test  and  cannot  be  performed  on 
installed  splices.  This  paper  presents 
experimental  data  that  verify  that  the 
secondary  methods  agree  with  the  primary 
one  when  a  variety  of  single-mode  fibers 
are  randomly  spliced.  The  approach  will 
be  to  establish  the  repeatability  of  eucn 
method  and  then  to  make  comparisons 
between  them. 

Measurement  Methods 


The  three  measurement  methods  to  be 
compand  are  shown  schematically  in  Figure 
1.  They  are  described  below  along  with 
the  procedures  u.sed  to  determine  the  re¬ 
peatability  of  each  method. 


2  Point  Cut -Back 


T n*  2 PC B  method  measures  all  the  power 
in  tne  fiber  immediately  after  and  immedi¬ 
ately  before  the  splice.  In  each  case  the 
fiber  is  broken  and  the  power  measured 
with  an  InGaAs  detector  and  lock-in  ampli¬ 
fier.  The  2PCB  repeatability  is  deter¬ 
mined  by  sequentially  rebreaking  the  finer 
and  remeisuring  the  power. 
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FIGURE  1  SCHEMATC  OF  TEST  METHODS 
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Local  Splice. Alignment  ana  Measurement 
Method  (LSAM) 

The  model  9J5A  L SAM  is  designed  to 
locally  tune  or  optimize  the  Rotary 
Mechanical  Splice.2  The  LSAM  detects  a 
portion  of  the  light  that  is  scattered  or 
lost  due  to  core  misalignment.  Since  the 
amount  of  scattered  light  is  proportional 
to  the  amount  of  misalignment,  the  LSAM  is 
easily  calibrated  to  measure  spiice  loss. 

Tne  LSAM's  repeat  a  hi  1 i t y  is  estimated 
two  different  ways:  l  1  )  by  :r, e a s u r i n g  tne 

same  splice  2 L  different  times  on  the  san^ 
L.‘  AM  and  v  J )  by  measuring  -1  J  different 
splices  or.  two  different  LSAMs. 

.  t:-r 


Tne  2T2R  repeatability  is  determined 
-ovisuring  different  splices  on  two 

ferer. t  Anritsu  M a  3  b  A  oT-.-hs.  La cn 
i  c  e  is  measured  in  b  o  t  n  d  i  r  e  e  1 1  o  r.  s 
ulting  in  ou  uni-directional  - 

ts  or*  3-  oi-directional  ones. 


TABLE  ’  .  REPEAT*  B  I ..  I T 1  OF  TEST  METHODS 

T**t  v.  .  7  Cl  a  Jl  Evaluation 

:'■*»;:*>  .dB)  iflBj  i  dB  ) _ ■  3B  ■ _ Procedure _ 

n*  .  O’ 3  :  305,  •  .  3Ct  i  Pepeatad  R#is. 

-**•  .00 -  Cfc  • .  DC3,  -  .  Dk>2  c  unit*  Lo«par*d 

«**  . .  na  .  - j.-,  - .  ;o,’  Maas. 

TO*  <*.'  ...*»:..v3  -.002  2  Units  Compared 

ti*  • .  .  .  .«  . , • . : c ,  - .  jo*  •  jMti  :e»p«p»d 


He:  e  a  t  a  u  l  .  i  1 1  e  s 

T  a  d  1  »■*  ‘  s  ur.rr.  ar  i  z es  t  ne  r  e  p e  .»  t  \  b  i  1  1 1  y 
•’"S  Jits.  r.acr.  line  in  tne  t a d  1  *»  oorre- 
jpor.J.s  to  one  of  tne  five  procedures  d e s - 
.v  ite'd  -tc.-vv.  The  principle  metric  of 
repeatability  is  the  standard  deviation 
.  )  .  it  is  shown  with  its  confidence 

i  n  t  e  r  v  i  1  (21)  as  determined  by  the 
minimum-interval  Cni-square  test.  The 
repeatability  of  a  single  measurement  is 
approximately  2 .  b  8  o  . 

When  two  test  sets  are  compared,  Table 
1  lists  the  mean  difference  (7)  between 
the  two.  Its  Cl  is  calculated  from  a 
"Student's  t "  test.  The  a  shown  is  that 
of  a  single  measurement,  i.e.,  the  a  of 
the  difference  divided  by  V2 . 

All  three  methods  exhibited  acceptably 
low  o’.s  indicating  good  repeatability, 
oince  the  bi-directional  OTDR  is  the  aver¬ 
age  of  two  uni-directional  readings,  its  o 
snould  be  the  un i -d i r ec t i ona 1  a  divided  by 
/2.  This  is  close  to  the  ratio  obtained. 


Comparison  Between  Me t hods  -  Lab  Results 

To  compare  the  three  test  methods  we 
assembled  lb  splices  between  30  unmatched 
2.4-xm  single-m^de  fibers  (  b  .  b  /  12b  pm, 
AT&T’s  standard  depressed  cladding  design;. 
Some  of  the  rotary  splices  were  purposely 
detuned  to  yield  a  variety  of  splice 
losses.  Each  splice  was  measured  w  i  *■  h  an 
LSAM  dying  assembly,  then  bi¬ 
directionally  with  two  OTDRs,  and  ♦‘hen  by 
the  2  P  C  B  method.  All  measurements  were 
made  at  l.j  pm.  Table  2  summarizes  the 
'••»3UltS  . 


TABLE  2.  :CMPA*I -.011  OF  THREE  TEST  METHODS 

Teat  MetnoJ  No.  7  CI1  o  Cl 

:o»p«r,j _ Sa«p  1  es  1  OB  1  ;  0  B  )  (  dB  ) _ (  fl>  ) 


CT:R ' -CTDR2 
LT  DR  ’  -2P„B 
vTCR2-2PCB 
LSAM  -  2  PC  B 
2PCB-..SAMI  <  .  1  ^  <J  B  ) 
DTDR I -LSAM; *  .  1  5  a  B  , 
.'T  DA  2 -LSAM,  <  .15  <]B  , 
;TDR  3  *  LS A M [ Field) 
wTDR3 


*5  .  D  C  7  ,  .  0  0  6 

15  . 0 '  3  *  -  00  7 

'5  . 005 1 . 0’ 0 

*5  . b  3  ^  t . 0  3  M 

’0  .005*. 009 

1C  .0’ 5« .01  I 

1  0  .007  , .  01  2 

32  . 020,.0l? 

32  .  o*b,  .on 


01  t  (  ♦ 

.008. 

-.005) 

01  2(  . 

.006. 

- .005 ) 

01  B  (  • 

.012, 

-  .007  ) 

062  (  * 

.030  . 

- .020) 

0t  J(  • 

.009. 

-  .005) 

0151  • 

.010. 

- .006  ) 

0 1  6  (  ♦ 

.010. 

- .006  ) 

0  3  •  t  • 

.010. 

- .008  ) 

0  3  3 1  • 

.0’  0. 

- .008  ) 

■*f.v*rai  conclusions  are  apparent, 
and  t  hr-  tPCii  agreed  Very  well  for 
-ill  splices.  LTbhl  averaged  a  scut  u.01  dB 


higher  than  v? 

;■  R L  and 

t  ne 

2  V  2  *j. . 

The 

LSAM  , 

i.  7  b  P. .  -1  r.  .1  :  2  h 

a  11  a  g 

reed 

to  tetter 

than 

l.’ .  i  cl  is  f  0  r  s 
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Figure  2.  LSflM  ve  B1 -d 1  recti onel  OTDR 
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Field  Results 


The  last  two  lines  in  Table  J  shows 
the  results  of  measuring  splices  in  trie 
field  with  an  LSAM  and  bi-directionally 
with  a  third  OTDR.  These  splices  were 
assembled  by  AT&T  Communications'  splicers 
using  normal  craft  procedures.  The 
results  verified  the  good  agreement  seen 
in  the  lab.  Note  the  low  mean  loss  obtain¬ 
able  in  the  field. 

Splices  with  large  differences  between 
CTDR  readings  taken  in  opposite  directions 
tended  to  result  in  larger’  L  .S  A  M  values 
v Figure  j).  This  has  two  :*uses.  Tne 
principal  one  is  that  the  jTuK  differences 
are  primarily  caused  by  spot  sice  mismatch 
between  tne  fibers.  This  mismatch  causes 
larger  intrinsic  splice  losses.  ror 
example,  the  curve  in  Figure  3  shows  the 
splice  loss  resulting  from  O.uJ  d  d  of 
extrinsic  loss  and  tne  theoretical  intrin¬ 
sic  loss  due  to  spot  size  mismatcn.1  A 
secondary  reason  is  that  spot  size  mis¬ 
match  causes  more  power  to  be  launched 
into  symmetrical  higher  order  modes  than 
does  a  transverse  offset.  These  modes 
will  scatter  out  more  quickly,  thereby 
increasing  the  LSAM  reading  somewhat.** 


o 

-I 


in 


Figure  3.  Effect  of  Spot  Size  Mismatch 
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Sl’MMARY 

The  purpose  of  this  study  was  to  determine  the 
corrosion  rate  tor  coated  and  uni  oat ed  metallic 
tapes  using  four  different  flooding  compounds. 
Typically,  field  testing  was  required  for  this 
t vpe  of  analysis.  This  method  was  time  con¬ 
suming  and  costly.  Therefore,  .in  accelerated 
aging  process  which  simulates  typical  environ¬ 
mental  conditions  was  developed  to  determine 
the  corrosion  behavior  of  tapes  in  a  laboratory 
environment.  The  procedure  involved  t  hr*  coating 
of  tapes  with  flooding  compound  and  then 
immersing  them  in  an  electrolytic  solution 
with  an  applied  AC  voltage  for  seventy  hours. 

The  results  of  the  flooding  compounds  tested 
revealed  that  the  PK  P  J  Tvpe  I  and  II  based 
compounds  showed  the  best  overall  protection, 
followed  bv  polybutene  and  amorphous  poly- 
propv I  one . 


S  A  M  P I ,  F  S 

Spot  imens  consist  i  ng  of  2"  x  6"  strips  as 
described  below  were  prepared  lor  evaluation. 

1)  Fleet  rol  vt  ical  I  v  Chrome  Coated  Steel  (F.CCS) 

-  A  6  mil  chrome  routed  steel  protected 

on  both  sides  with  an  ethylene  acrylic  acid 
copo 1 vmer . 

2)  Fleet  rol  yt  ica  1 1  y  Chrome  Coated  Steel  (KC.CS) 

-  A  f>  mil  chrome  coated  steel  protected 
on  one  side  with  an  ethylene  acrylic  acid 
copolymer . 

5)  Tin  plated  steel  -  6  mils  thick. 

4)  Black  Carbon  Steel  -  6  mils  thick. 

5)  Fused  Polyethylene  Aluminum  (FPA)  -  An  8 
mil  aluminum  coated  on  both  sides  with  an 
ethylene  acrylic  acid  copolymer. 

6)  Aluminum  -  An  8  mil  uncoated  aluminum. 


7)  Fleet  rol  yt  ica  1  1  v  Chrome  Coated  Steel  ( F.CCS  ) 

-  A  6  mil  chrome  coated  steel  (see  No,  2) 

but  with  an  "X"  scratched  through  the  coating 
to  simulate  mechanical  damage. 

8)  Fused  Polyethylene  Aluminum  (FPA)  -  An  8 
mil  aluminum  coated  on  both  sides  (see  No. 

5)  but  with  an  "X"  scratched  through  the 
coating  to  simulate  mechanical  damage. 

KQT1PMKM  I’SFI) 

1)  Regulated  Power  Supply 

2 )  Digital  Mu  1 1 imet er 

CH KM  I  CAL  SOLUTIONS 

To  represent  typical  field  environments,  the 
following  0. IN  chemical  solutions  were  used 
as  electrolytes: 

!.  Sulphuric*  Acid,  H»$(),  of  ph  1.16  (Industrial 
Kill) 

2.  Ammonium  Hydroxide,  NH^OH  of  pH  11.35  (Sand) 

J.  Acetic  Acid,  CH,C00H  of  pH  2.5  (Clay) 

4.  Sodium  Chloride,  NaCI  of  pH  5.0  (Loam) 

FLOOD  INC  COMPOCNDS 

1.  PK/PJ  Tvpe  1 

2.  PK/P.J  Tvpe  II  with  increased  polyethylene 
percentage 

3.  Amorphous  Polypropylene 

4.  Poly butene 

RACKC.KOl'NI) 

The  corrosion  of  a  subsurface  metallic  component 
will  occur  if  the  following  four  conditions 
art1  present  a*  the  same  time.  These  ar«  : 

-  anodic  state  metal 

-  cathodic  state  metal 

-  electrical  bond  between  anode  and  cathode 

-  common  electrolyte  environment 

Current  will  flow  in  a  complete  cell  from  the 
anodic  metal  through  the  electrolyte  to  t he 
cathodic  metal.  The  current  returns  from  the 
cathode  to  the  anode  bv  way  of  a  metallic  connec¬ 
tion  completing  a  circuit  through  the  cell. 
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The  study  provides  a  comparison  of  coated  and 
uncoated  metallic  tapes  using  four  different 
flooding  compounds.  The  rate  of  corrosion  is 
based  on  their  resistance  to  current  flow. 

A  seventy  hour  test  was  performed  and  its  results 
indicate  the  PE/PJ  1  and  PE/PI  II  show  the  best 
overall  resistance  to  corrosion  followed  by 
polybutene  and  finally  amorphous  polypropylene. 

TEST  ENVIRONMENT 

All  the  samples  were  placed  in  an  air  hood  at 
room  temperature  for  70  hours.  The  electrolyte 
in  all  cases  was  750  milliliters  under  a  current 
of  1.5  volts.  Additional  testing  was  performed 
at  elevated  temperatures  of  60 c C ,  70°C  and  HOT 
using  Black  Carbon  Steel.  These  samples  were 
set  up  similarly  using  air  ovens  for  a  period 
of  24  hours. 

SAMPLE  PREPARATION 

The  above  specimens  were  arranged  as  shown  in 
Figure  1.  A  spacer  made  of  polypropylene  was 
used  to  prevent  electrical  contact  and  to  keep 
the  electrodes  equidistant  and  equally  immersed 
in  the  solutions  throughout  the  experiment. 

Each  beaker  contained  two  anodes  (positive 
electrode)  and  two  cathodes  (negative  electrode). 
Four  samples  of  each  category  were  prepared 
for  testing  and  evaluation. 

PF/PI  I  and  PE/PJ  11  compounds  were  applied 
at  1 2 IT  (250°F).  Samples  were  immersed  in 
hot  flooding  compound  and  immediately  allowed 
to  cool  at  room  temperature  while  being  held 
upr i ght . 

The  polvbutene  compound  was  applied  at  138T. 

( 280* F)  similarly  and  the  amorphous  polypropylene 
was  applied  at  188T  (370°F). 

I'ncoated  tapes  were  used  as  a  control  in  each 
case. 

The  flooding  compounds  were  also  applied  to 
Black  Carbon  Steel  for  testing  at  the  elevated 
temperatures  of  60  °C,  70°C  and  ROT  in  0.  IN 
Sulphuric  Acid  electrolyte.  Black  Carbon  Steel 
was  chosen  because  of  its  accelerated  aging 
characteristics  with  the  highest  degree  of  cor¬ 
rosion  in  sulphuric  acid.  The  samples  were 
put  in  air  ovens  and  examined  after  24  hours. 

DISCUSSION 

The  test  results  indicate  that  the  application 
of  flooding  compounds  does  mitigate  corrosion 
attach  on  the  metal  tape  substrates.  The  best 
illustrated  individual  protection  was  achieved 
on  the  black  carbon  steel  using  PE/PJ  I  and 
PE/PJ  II  as  hot  coated  flooding  compounds. 

This  was  followed  by  polybutene  and  ♦  hen  the 
amorphous  polypropylene.  The  Black  Carbon  Steel 
was  used  as  an  example  because  the  differences 
can  be  seen  most  significantly,  especially  when 
Sulphuric  Acid  was  being  used  as  the  electrolyte. 


In  all  cases  when  the  FPA  tape  was  used,  regard¬ 
less  of  which  flooding  compound  was  applied, 
protection  was  outstanding.  The  bare  aluminum 
had  excellent  protection  as  well  with  the 
flooding  compounds.  Actual  test  results  were 
determined  bv  the  degree  of  corrosion  when 
measured  along  the  edges. 

The  tin  coated  steel  resisted  corrosion  attack 
more  than  the  black  carbon  steel.  When  the 
flooding  compounds  were  applied  under  these 
same  conditions,  the  poly butene  performed  better 
than  the  PF./P1  1  and  PE/PJ  II  in  the  acidic 
sol ut ions . 

ECUS  with  both  side's  polymer  coated  and  coated 
with  amorphous  polypropylene  is  clearly  superior 
to  PF/PJ  I,  PE/PJ  II  and  finally’  polvbutene 
in  that  order. 

The  single  sided  polymer  coating  of  the  FIT'S 
material  showed  us  that  PK/Pl  I  had  the  best 
protection  followed  by  amorphous  polypropylene. 
PF/PI  11  and  the  polvbutene  showed  similar 
results,  just  slightly  less  protection. 

Tin  plated  steel  indicated  the  polybutene  had 
the  best  resistance  to  corrosion  followed  closely 
by  the  amorphous  polypropylene,  PF/PJ  II  and 
PE/PJ  l  respectively. 

The  accelerated  aging  at  RO,  70  and  ROT  showed 
that  the  polvbutene  created  the  best  protection 
while  amorphous  polypropylene  had  a  significant 
amount  of  discoloration.  The  PF/PJ  H  and 
PE/ PI  l  lost  about  30  percent  of  the  tape  on 
the  (+)  electrode  ut  ROT  while  at  the  lower 
temperatures  the  corrosion  was  not  -is  intense. 

The  6  mil  FITS  samples  with  both  sides  polymer 
coated  had  the  best  of  the  steel  protection 
followed  bv  the  F(TS  single-sided  polvmet  touted, 
the  6  mil  tin  plate  steel,  and,  finally,  the 
black  carbon  st  ee 1 . 

roNn.rsiQNS; 

1.  The  application  of  polvbutene,  amorphous 
polypropylene,  PE/PJ  1  and  PF/PJ  II  on  black 
carbon  or  tin  plated  steel  tapes  mitigates 
the  corrosion  attack  and  is  most  el  let  live 
under  acidic  conditions. 

2.  The  application  of  the  subject  flooding  com¬ 
pounds  on  black  carbon  steel  shows  the  worst 
scenerio  using  the  four  electrolytes  with 
PE/P  1  I  and  PF/PJ  11  having  the  best  pro- 

t  et  t ion. 

3.  Bare  aluminum  had  a  very  good  protection 
using  all  four  flooding  compounds. 

4.  When  flooding  compounds  are  used  for  corrosion 
protection,  their  effectiveness  is  dependent 
on  two  factors: 

1  -  t  vpe  of  met  a  1 

2  -  type  of  environment  (electrolyte) 
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SUMMARY 

A  splice  case  is  featured  which  permits 
rhe  joining  of  dissimilar  copper  cables 
(c . g .  paper  insulated  pressurized 
to  plastic  insulated  filled)  within 
a  single  closure.  Complete  separation 
of  t  h  ?  dissimilar  cables  is  achieved 
by  means  of  a  dividing  panel,  estab¬ 
lishing  two  individual  compartments. 
Re-entry  into  either  compartment  for 
maintenance  is  easily  accomplished 
without  disturbing  the  integrity  of 
the  other  compartment.  Additionally, 
either  or  both  compartments  may  be 
filled  with  encapsulate  or  pressurized. 


BACKGROUND 

In  the  Outside  Plant  Network,  the  use 
of  paper  insulated  pressurized  feeder 
c  a  b l e  is  widespread.  These  cables  feed 
a  distribution  network  that  is  made 
up  largely  of  filled  plastic  cables. 

A  problem  arises  when  splicing  these 
two  designs  to  one  another.  To  do  so 
requires  an  air  core  stubbing  cable 
to  block  pressurization  of  the  paper 
cable  and  make  available  a  re-enterable 
splice  at  the  junction  with  the  filled 
cable.  Figure^  I  is  a  diagram  showing 
the-  conventional  method  used  when 
splicing  pressurized  paper  to  filled 
PIC  cable.  The  amount  of  material  and 
labor  required  is  excessive,  i.e.  two 
splices  and  a  stubbing  cable.  A  section 
of  stubbing  cable  remains  unpressurized 
and,  therefore,  unprotected  in  t  h o  event 
of  sheath  damage.  A  major  problem  area 
in  the  Outside  Plant  N  e  t  w  o  r  k  is  the 
splice  point,  here  two  splices  are  used 
to  effect  one.  Additionally,  an  inven¬ 
tory  of  stubbing  rabies  of  different 
pair  counts,  copper  gauges,  lengths  and 
sheath  designs  must  bo  maintained.  All 
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*■»  f  this  translates  into  high  installation 
and  maintenance  costs.  Figure  2  depicts 
the  proposed  method  for  joining  incom¬ 
patible  cable  designs  utilizing  only 
one  splice  case. 

DESCRIPTION 

The  novelty  is  the  development  of  a 
"pass-through"  module  which  mounts  into 
a  rigid  membrane,  dividing  the  closure 
into  two  individual  compartments.  Each 
module  has  a  100  pair  tail  extending 
from  oppposite  sides,  providing  a  means 
for  securing  electrical  connections 
of  pairs  between  compartments.  Each 
membrane  contains  one  or  more  openings 
to  accommodate  either  modules  or  blanks. 

If  a  module  is  not  needed,  a  blank  may 
be  used  in  its  place.  Once  mounted 
into  the  membrane  an  air  tight  seal 
is  effected.  Additionally,  the  method 
of  assembling  the  closure  allows 
re-entry  into  either  compartment  without 
disturbing  the  integrity  of  the  other 
compartment.  Figure  3  is  an  exploded 
view  of  a  splice  case  with  the  separator 
panel  dividing  the  splice  case  into 
two  compartments.  Figure  4  is  a  cut¬ 
away  side  view  of  the  splice  case  showing 
the  "pass-through"  module  and  how  it 
connects  cable  from  one  compartment 
to  the  other  compartment.  For  example, 
let’s  assume  we  have  an  1800  pair  paper 
insulated  pressurized  feeder  cable  and 
we  would  like  to  splice  into  a  200  pair 
plastic  insulated  filled  feeder  cable. 
Straight,  "pass-through"  or  butt  splices 
are  p o s s i b 1 e .  The  paper  cable  would 
enter  one  compartment  where  it  would 
be  pressurized  and  the  plastic  cable 
would  enter  the  other  compartment  where 
it  would  dc  encapsulated.  If  the  splice 
closure  contains  a  membrane  with  three 
positions  to  accommodate  either  modules 
or  blanks',  two  100  pair  modules  and 
one  blank  would  be  used. 

The  "pass-through"  module,  although 
simple  in  appearance,  performs  the  very 
difficult  task  of  maintaining  electrical 
continuity  of  paired  conductors  while 
sustaining  a  pressure  tight  seal  about 
them  under  harsh  environmental  conditions. 
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This  is  accomplished  through  a  combin¬ 
ation  of  wire-wrapping  and  potting  within 
the  module.  Effected  is  a  moisture 
proof,  gas  tight  seal  capable  of  per¬ 
forming  through  100  temperature  cycles 
of  -40°C  to  +60°C.  The  materials  used 
have  proven  to  be  resistant  to  cable 
filling  compounds  and  the  harsh  environ¬ 
mental  conditions  seen  in  the  field. 

The  membrane  is  constructed  to  be  a 
light-weight,  rigid  panel  equally  resis¬ 
tant  to  cable  filling  compounds  and 
the  environment.  Its  stainless  steel 
core  is  coated  with  neoprene,  allowing 
an  easy  means  of  sealing  to  the  outer 
case  of  the  closure  and  to  the  "pass¬ 
through”  module. 

CONCLUSION’ 

It  is  feasible  to  join  a  pressurized 
paper  cable  and  a  filled  cable  in  a 
single  splice  closure.  The  closure 
consists  of  physically  and  pneumatically 
isolated  compartments  with  a  means  for 
electrically  joining  copper  circuits 
from  one  compartment  to  the  other. 
Additionally,  each  compartment  may  be 
pressurized  or  filled  with  an  encapsulate 
and  re-entered  without  disturbing  the 
integrity  of  the  other  compartment. 
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Figure  1.  Present  Day  Method 


Figure  2.  Proposed  Method 


Figure  3.  Compartmentalized  Splice  Case-Exploded  View 


Figure  4.  Compartmentalized  Spiice  Case-Cut-away  Side  View 
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IMPROVEMENTS  IN  EFFICIENCY  OF  UV  CURING  SYSTEMS 
FOR  OPTICAL  FIBER  BUFFER  COATINGS  AND  FIBER  COLORING 


R  W  Stowe 


Fusion  UV  Curing  Systems 
Rockville.  Maryland 


ABSTRACT 

A  major  performance  improvement  in  optical 
fiber  curing  systems  offers  a  significant  increase 
in  the  productivity  of  UV  curing  of  buffer 
coatings  in  optical  fiber  production  and  for  UV 
curable  inks  for  fiber  marking  and  identification 
The  small  diameter  electrodeless  bulb  is  ideal 
for  the  full  focused,  elliptical  reflector  system 
in  which  the  bulb  is  located  at  one  focus  and 
the  fiber  at  the  opposing  focus  The  performance 
improvements  derive  from  design  and  construction 
changes  which  concentrate  more  light  on  the 
fiber  coating  The  most  significant  increase  is 
achieved  by  concentrating  the  same  amount  of 
light  power  on  a  smaller  target  Tone,  this 
results  in  an  increase  of  irradiance  flight  flux 
density!  at  the  fiber  line 


Background 

UV  materials  and  curing  technology  as 
applied  to  coatings  on  optical  fibers  has 
become  well  established  over  recent  years. 
Advances  in  fiber  draw  technology  and  in 
coatings  have  been  combined  into  fiber 
production  systems  capable  of  operating  at 
draw  speeds  not  achievable  5  years  ago. 

The  requirements  of  a  fiber  coating 
are  essentially  mechanical:  low  modulus, 

high  yield,  low  coefficient  of  friction, 
and  high  abrasion  resistance.  A  coating 
also  provides  permanent  environmental 
protection  of  the  fiber  from  gas  or  liquid 
contaminants.  Coatings  need  resiliency  to 
reduce  microbending  in  the  fiber,  high 
tensile  strength  to  withstand  forces 
which  could  be  encountered  in  cabling 
operations,  and  hardness  to  facilitate 
spooling  and  handling. 


UV  curable  formulations  are  available 
and  being  improved  which  can  achieve  the 
necessary  physical  characteristics 
required  of  the  finished  coating  systems. 
Further,  methods  of  control  and  precise 
application  of  the  resin  systems  for 
single  or  dual  composite  coatings  are  well 
developed.  Finally,  UV  curing  systems 
which  provide  the  correct  quality  and 
amount  of  UV  energy  in  order  to  reliably 
develop  the  required  physical  properties 
of  the  polymerized  coating  are  in  wide¬ 
spread  use.  The  curing  system  must 
deliver  sufficient  energy  to  the  fiber  to 
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FIGURE  1 

SIMPLIFIED  DRAW  TOWER  ORGANIZATION 


212 


International  Wire  &  C'Ne  Symposium  Proceedings  1987 


"keep  up"  with  draw  and  coating  speeds. 
Figure  1  illustrates  a  draw  tower  arrange¬ 
ment  in  which  draw,  coating  and  curing 
steps  are  carried  out  entirely  in  one 
vertical  operation.  Typically,  faster 
draws  require  more  individual  lamps  to 
provide  the  necessary  UV  energy,  but 
space  on  high  production  rate  towers  is  at 
a  premium.  As  draw  speeds  increase  with 
improved  designs  and  materials,  simply 
adding  more  lamps  becomes  less  practical. 

As  the  advance  to  higher  production 
speeds  continues,  UV  sources  will  have  to 
become  more  effective. 

Situation 

The  most  generally  accepted  arrange¬ 
ment  for  exposing  the  fiber  to  light  from 
a  UV  source  is  the  use  of  a  full  ellipti¬ 
cal  reflector,  in  which  the  UV  bulb  is  at 
one  focus  of  the  ellipse  and  the  fiber 
positioned  at  the  other.  In  theory,  the 
light  is  focused  on  the  fiber.  However, 
that  theory  works  only  when  the  source  is 
an  infinitely  thin  line.  In  fact,  the 
light  source  has  a  necessary  diameter,  as 
small  as  9  mm,  but  always  much  larger  than 
we  would  wish.  The  laws  of  physics  allow 
only  a  fraction  of  the  radiant  energy  to 
be  focused  exactly  at  the  target,  because 
light  originating  at  a  distance  from  the 
centerline  of  the  source  will  be  focused 
at  a  similar  distance  from  the  centerline 
of  the  target.  The  target,  of  course,  is 
the  coated  fiber.  The  combination  of  a 
relatively  large  diameter  source  and  a 
small  diameter  target  is  not  an  ideal 
optical  plan,  and  has  a  relatively  lew 
optical  efficiency. 

Approach 

It  becomes  clear  that  the  key  to 
improving  the  performance  of  the  curing 
system  is  to  improve  its  optical  efficien¬ 
cy  and  so  increase  the  light  striking  the 
fiber  surface.  There  are  many  factors 
affecting  the  optical  efficiency,  includ¬ 
ing  geometry,  surface  area,  source  size 
and  reflector  shape,  among  them.  If 
nominal  improvements  in  each  can  be 
accompl i shed ,  then  a  significant  improve¬ 
ment  in  overall  performance  can  be 
achieved  by  compounding  their  effects. 

Ref  lector 

With  an  elliptical  reflector, 
virtually  all  of  the  energy  arriving  at 
the  target  has  been  reflected  at  least 
once  by  a  reflector  surface.  The  inciden¬ 
ce/ref  lection  angle  of  a  light  ray  at  the 
reflector  surface  controls  the  travel  of 
that  ray  to  the  target.  See  Figure  2. 
Small  errors  in  the  "purity"  of  the 
elliptical  shape  will  have  a  serious 
effect  on  efficiency;  the  ray  will  be 
misdirected  and  not  reach  the  target. 


I 


FIGURE  2 

LIGHT  RAY  REFLECTION 


The  reflector  is  usually  made  from 
sheet  material  and  bent  or  rolled  into  an 
approximately  elliptical  shape.  This  kind 
of  reflector  is  easily  removed  for 
replacement.  Upon  assembly  into  a  lamp 
housing,  it  conforms  to  the  elliptical 
shape  of  the  holder  into  which  it  is 
fastened.  We  found  that  this  fabrication 
and  assembly  method  caused  small  varia¬ 
tions  in  "el lipt icity "  of  the  final 
surface.  A  change  in  method  of  forming 
the  reflector  produced  the  desired  result; 
by  carefully  slip-roll  forming  of  the 
reflector  to  a  more  exact  "free"  shape, 
the  reflector  is  not  subjected  to  bending 
and  deforming  when  subsequently  installed 
in  its  mounting.  A  substantially  more 
pure  elliptical  shape  is  preserved. 

T'ne  benefit  of  more  exact  shaping  is 
illustrated  by  the  dashed  curve  in  Figure 
3,  a  scan  of  intensity  observed  at  a  flat 
surface  in  the  plane  of  the  focus  of  the 
primary  reflector.  An  increase  in 
intensity  at  the  focal  area  is  accompanied 
by  a  narrowing  of  the  width  of  the 
"focus."  The  same  amount  of  energy  has 
been  concentrated  in  a  narrower  zone. 
With  the  primary  reflector  alone  the  peak 
intensity  increase  is  about  15  percent; 
when  the  effect  is  combined  with  other 
portions  of  the  complete  reflector  in  the 
final  system,  the  composite  increase  is 
nearly  30  percent. 
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DISTANCE  FROM  CENTERLINE 
INCHES 


A  bulb  position  error  of  .  040  inch 
can  have  an  effect  on  the  peak  intensity 
of  as  much  as  twenty  percent.  The  design 
of  the  tips  of  bulbs  was  changed  so  that 
the  bulb  sits  more  accurately  in  its 
supports,  and  the  end  supports  were 
repositioned  so  that  the  bulb  is  exactly 
at  the  geometric  focus.  The  benefit  of 
repositioning  the  bulb  (in  conjunction 
with  a  modified  bulb  shape)  is  also  shown 
in  Figure  3. 


MO  XM  MO  400 
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FIGURE  3 

CENTER  PEAK  INTENSITY 


FIGURE  4 

SPECTRAL  REFLECTANCE 


Reflector  Coatinc 


The  spectral  energy  distribution 
which  has  generally  found  to  be  most 
effective  in  curing  of  buffer  coatings  is 
richest  in  the  350  to  400  nm  wavelength 
range.  The  reflector  should  be  its  most 
effective  in  that  same  range.  To  achieve 
this,  the  reflector  has  a  spectral 
enhancement  hardcoat.  applied  to  increase 
its  reflectivity  in  the  region  of  350  nm 
by  approximately  8  percent.  See  Figure  4. 
The  improved  method  of  forming  reflectors 
and  the  resulting  reduction  in  metal 
stress  In  localized  areas  of  the  reflector 
when  assembled  further  helps  to  avoid  any 
microcracking  or  reduction  of  the  specu¬ 
larity  and  high  reflectivity  of  the  coated 
ref  lector . 


Bulb  Positioninc 


As  light  will  be  transmitted  from  one 
focus  of  the  full  ellipse  to  the  other, 
the  bulb  (source)  must  be  positioned 
precisely  at  the  primary  elliptical  focus. 
By  comparison,  this  is  not  so  critical  for 
a  lamp  with  only  a  primary  reflector  such 
as  used  for  flat  curing,  in  which  a 
positioning  error  is  hardly  noticed.  With 
less  precise  elliptical  reflectors,  the 
effects  of  variation  in  position  are  less 
detectable  at  the  plane  of  focus. 


Bulb 

Reducing  the  effective  diameter  of 
the  bulb  and  thus  compacting  the  source 
has  a  direct  effect  on  concentration  of 
flux  at  the  fiber.  One  design  of  an 
experimental  electrodeless  bulb,  whose 
average  effective  diameter  (8  mm!  is 
slightly  smaller  than  a  standard  model  (9 
mm)  is  compared  to  the  standard  in  Figure 
5  and  its  effect  can  be  seen  in  Figure  3. 
A  15  percent  increase  in  intensity  is 
attributable  to  the  smaller  bulb  diameter. 


ST  andard  bulb 


FIGURE  5 
STANDARD  BULBS 
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These  changes  to  primary  reflector, 
bulb  position,  reflector  coatings  and  bulb 
are  all  on  the  lamp  side  of  the  UV  system. 
Accordingly,  these  changes  may  have  some 
benefit  in  flat  curing  especially  in 
applications  which  respond  to 
higher  peak  intensity.  The  benefits  in 
360  degree  curing,  as  required  for  optical 
fiber,  are  considerably  more  dramatic. 

Secondary  Ref  lector ,  End  Ref  lectors ,  and 
Back  Reflector 

On  the  fiber  (target)  side  of  the 
ellipse,  the  same  precision  is  applied  to 
the  fabrication  of  the  secondary  reflector 
and  positioning  of  the  quartz  tube 
(required  for  atmospheric  isolation  of  the 
fiber).  The  quartz  tube  must  be  accurate¬ 
ly  located  and  be  concentric  with  the 
fiber  to  avoid  distortion  by  effects  of 
refraction  by  the  quartz. 

End  reflectors  added  at  both  ends  of 
the  elliptical  cavity,  collect  a  sig¬ 
nificant  amount  of  light  energy  which 
would  otherwise  be  lost.  Their  addition 
increased  light  to  the  fiber  by  ap¬ 
proximately  ten  per  cent. 

One  of  the  most  novel  reflector 
changes  is  shown  in  Figure  6.  Upon 
examination  of  the  light  which  "nearly 
misses"  the  fiber  as  it  is  directed  toward 
the  target,  we  realize  that  this  light 
would  normally  strike  the  secondary 
elliptical  reflector  and  be  returned 
toward  the  source,  not  to  the  fiber!  This 
light  passes  close  by  the  fiber  and  toward 
the  reflector  as  though  it  came  from  the 
region  of  the  fiber.  Returning  it  to  the 
fiber  requires  a  reflector  of  circular 
shape*  rather  than  elliptical.  This  back 
reflector,  when  extended  the  length  of  the 
secondary  reflector,  is  semi -cy 1 indr ica 1 
in  shape.  It  is  extremely  important  and 
effective  in  delivery  of  light  to  the 
"back"  of  the  fiber;  it  increases  the 
return  of  light  to  the  far  side  of  the 
fiber  by  over  50  percent,  for  a  25  percent 
contribution  to  the  total  increase. 

Results 

In  order  to  evaluate  what  has  been 
achieved  in  optical  efficiency,  a  method 
of  a  measuring  light  at  the  fiber  is 
necessary.  Measuring  light  delivered  to 
the  fiber  is  a  particularly  difficult 
problem.  As  we  have  demonstrated,  a 
significant  increase  of  light  impinging  on 
the  fiber  can  be  effected  without  any 
increase  of  the  light  generated  at  the 
source.  A  radiometer  placed  at  some 
location  away  from  the  fiber  line  will 

*  Patent  pending  by  Fusion  UV  Curing 

Systems,  Inc. 


FIGURE  6 

REFLECTOR  SYSTEM 


give  information  about  the  source  and 
reflectors  but  not  about  optical  effici¬ 
ency.  This  requires  a  radiometer  which, 
as  closely  as  possible,  approximates  the 
size  of  the  fiber  and  can  be  placed  in  the 
fiber  position. 

An  instrument**  was  developed  for 
this  evaluation.  It  is  a  microradiometer 
consisting  of  a  quartz  "light  pipe"  probe 
(resembling  a  knitting  needle)  which  has  a 
small  diameter  (.060  inch)  diffusing 
receptor  at  its  tip  and  a  UV  sensor  at  the 
other.  Light  radially  striking  the  probe 
tip  is  transmitted  to  the  sensor.  The  tip 
can  be  freely  moved  about  within  the 
quartz  tube  and,  owing  to  its  rigid  stem, 
can  be  accurately  located.  This  instru¬ 
ment  was  used  to  probe  the  space  in  which 
the  fiber  travels.  Measurements  with  this 
instrument  permit  important  observations: 
l)  the  comparative  target  irradiance  from 
any  one  lamp  system  to  another;  and  2)  the 
irradiance  at  the  various  positions  in  a 
plane  perpendicular  to  the  fiber.  By 
plotting  the  points  of  equal  irradiance, 
we  can  produce  a  map  of  the  interior  of 
the  focal  zone.  These  comparisons  are 
shown  in  Figure  7. 

The  measured  relative  irradiance  of 
experimental  lamps  which  incorporated  all 
of  the  changes  discussed  was  increased  by 
an  average  of  l 00  percent  in  comparison  to 
the  standard  production  lamp  systems.  The 
irradiance  pattern  is  also  more  concentric 
with  the  quartz  tube  center.  Con¬ 
centricity  is  essential  to  the  ability  to 
mechanically  locate  the  fiber  in  the 
"bright  zone".  The  standard  system,  by 
comparison,  is  somewhat  more  forgiving  of 

**  Patent  pending  by  Fusion  UV  Curing 
Systems,  Inc. 
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fiber  misalignment;  more  precise  alignment 
on  a  tower  will  be  required  with  the  more 
highly  focused  system.  The  benefit  of 
this  precision,  as  can  be  seen,  is 
substantially  more  light  flux  on  the 
f iber . 

Testing  on  production  towers  has 
indicated  a  general  correlation  between 
irradiance,  as  measured  with  the  micro¬ 
radiometer  described  in  this  work,  and 
increase  of  cure  speed  achieved.  Not  all 
physical  properties  of  the  coating  will 
show  the  same  degree  of  change  with  higher 
cure  speed.  In  practice,  factors  such  as 
accuracy  of  lamp  alignment  on  a  tower  and 
production  repeatability  from  assembly  to 
assembly  will  affect  the  benefits. 

Cone  1 u  s ion 

The  performance  cf  a  curing  system 
for  optical  fiber  can  be  increased 
substantially  by  increasing  its  optical 
efficiency.  By  concentrating  on  the 
unique  geometry  of  curing  systems,  small 
variations  in  design  have  produced  large 
effects.  Significant  cumulative  effects 

were  achieved  by  improvements  in: 
reflector  shaping  enabled  by  tooling  and 
methods  changes,  accurate  positioning  of 
optical  components,  reflector  coating, 
reduction  of  bulb  diameter,  the  addition 
of  end  reflectors  and  a  special  back 
ref  lector . 

The  need  to  evaluate  the  results  in 
these  studies  of  optical  efficiency 
required  an  advance  in  the  sophist icat icn 
of  measurement.  For  this,  radiometers 
were  devised  to  interpret  the  effective 
light  at  the  fiber.  Refinement  of  these 
instruments  has  led  to  new  tools  for 
quality  control  and  has  contributed  to 
better  understanding  of  requirements  of 
instrumentation  for  process  control 
monitoring.  Variations  will  certainly 
result  in  new  instruments  for  production 
on-line  measurement  and  control. 


•  PRECISION  REFLECTORS 
(PRIMARY  AND  SECONDARY) 

•  RE  POSITIONED  8UL8 


FIGURE  7 

RELATIVE  IRRADIANCE  IN  CURING  C  DNE  SHOWING 
COMPARATIVE  EFFECTS  OF  IMPROVEMENTS 


The  methods  explored  for  improving 
these  curing  systems  are  expected  to  offer 
similar  benefits  in  other  applications 
such  as  optical  fiber  color  coding,  and 
wire  marking. 
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STUDY  ON  TRANSMISSION  CHARACTERISTICS  OF  UV  CURABLE  RESIN-COATED  OPTICAL  FIBERS 
AT  LOW  TEMPERATURES 


H.Kuzushita  ,  T.Zushi  ,  T.Vatanabe*.  K.Imamura*.  H. Tanaka* 

MITSUBISHI  CABLE  INDUSTRIES.  LTD 
8  Nishinocho  ,  Higashimuka ij ima  .  Amagasaki  .  Hyogo  ,  660  Japan 
s  4-3  Ikejiri  .  I taai  ,  Hyogo  .  664  Japan 


Summary 

The  low  temperature  excess  loss  of  UV  resin-coated 
optical  fiber  was  studied  systematically  and  statisti¬ 
cally  in  order  to  clarify  the  mechanism  and  to  design 
the  optical  fiber  having  low  loss  both  under  high  lat¬ 
eral  pressures  and  at  low  temperatures. 

The  experimental  results  using  the  experimental 
planning  method  showed  that  the  primary  coating  materi¬ 
al  is  the  most  important  factor  to  affect  the  low  tem¬ 
perature  excess  loss  significantly.  From  the  results 
of  the  study  on  various  primary  coating  UV  resins,  it 
was  revealed  that  the  primary  coating  material  having 
larger  modulus  at  low  temperatures  prevents  the  excess 
loss  caused  by  buckling.  Dual -coated  optical  fibers 
with  the  new  primary  coating  UV  resin  of  which  modulus 
is  small  at  room  temperature  and  gradually  increases  as 
temperature  lowers,  showed  very  low  excess  loss  both 
under  high  lateral  pressures  and  at  low  temperatures. 

1.  Introduction 

It  has  been  desired  for  resin-coated  optical  fibers 
to  have  low  transmission  loss  both  under  high  lateral 
pressures  and  at  low  temperatures.  In  order  to  prevent 
the  excess  loss  caused  by  lateral  pressure,  widely  used 
is  the  dual  coating  structure  with  a  soft  primary  layer 
which  enhances  buffering  effect  and  a  hard  secondery 
layer  which  enhances  shell  effect.  The  optical  fiber 
dual-coated  with  organic  polymers,  however,  shows  ex¬ 
cess  loss  at  low  temperatures  by  the  excess  contrac¬ 
tion  of  coating  materials. 

Two  opposing  theories  have  been  reported  to  prevent 
the  excess  loss  at  low  temperatures.  One  is  called 
Buffering  Effect  Theory  that  a  softer  primary  coating 
meteria]  prevents  microbending  loss  at  low  temperatures 
by  its  buffering  effect.^* An  UV  resin-coated 
optical  fiber  is  considered  to  have  large  loss  increase 

at  low  temperatures  because  UV  resins  have  much  larger 

(2)  (hi 

moduli  at  low  temperatures  than  silicones.  The 

other  theory  is  called  Buckling  Theory  that  the  con¬ 
traction  of  coating  resins  in  the  direction  of  fiber 
axis  incurs  fiber  buckling  in  the  soft  primary  layer 


leading  to  loss  increase.^*  and  the  primary  coat¬ 
ing  material  having  larger  modulus  at  low  temperatures 

//*  \ 

prevents  excess  loss  caused  by  buckling. 

While  the  excess  loss  cased  by  lateral  pressure 
can  be  prevented  by  designing  the  fiber  structure  so 
as  to  enhance  buffering  effect  and  shell  effect,  the 
two  opposing  theories  on  low  temperature  excess  loss 
has  made  it  complicated  to  design  a  dual-coated  fiber 
having  low  loss  both  under  high  lateral  pressures  and 
at  low  temperatures. 

This  paper  reports  the  experimental  results  of 
systematic  and  statistical  study  on  the  loss  increase 
at  low  temperatures  and  the  optimum  design  of  the  opti¬ 
cal  fiber  coated  with  UV  curable  resins. 

2.  Factors  of  Low  Temperature  Excess  Loss 

The  factors  of  low  temperature  excess  loss  of  UV 
resih-coatod  optical  fibers  were  investigated  in  detail 
using  the  statistical  experimental  planning  method. 

The  ribers  for  the  experiments  were  a  dual-coated  fiber 
shown  in  Fig. 1(a)  and  a  fiber  ribbon  shown  in  Fig. 1(b). 
Used  was  a  standard  GI  type  fiber  with  core  diameter 
of  50um,  fiber  diameter  of  125um,  and  relative  re¬ 
fractive  index  of  1  %.  The  dual-coated  fiber  had  the 
primary  coating  layer  of  a  soft  UV  rosin  0.25  mm^  in 
diameter,  and  the  secondary  coating  layer  of  a  hard  UV 
resin  0.3  mm^1  in  diameter.  The  fiber  ribbon  was  made 
by  aligning  five  dual-coated  fibers  (shown  in  Fig. 1(a)) 
in  parallel  and  coating  with  a  hard  UV  resin. 

Nine  factors  in  the  fiber  drawing  and  the  ribbon 
coating  processes,  which  may  affect  the  temperature 
characteristic;,  and  their  interactions  were  arranged 
in  Ljg  (2^)  type  orthogonal  arrangement  table  with 
two  levels  of  conditions.  Table  I  lists  the  factors 
and  the  conditions  for  experiments.  Table  2  shows 
the  moduli  of  UV  resins  used. 

Sixteen  types  each  of  dual-  coated  fiber  and  fiber 
ribbon  were  prepared  with  varied  coating  materials  and 
under  varied  production  conditions  based  on  the  orthog¬ 
onal  arrangement  table.  Temperature  dependence  was 
measured  by  monitoring  the  loss  change  (  A  =0. 85 ju ■)  of 
a  500m  long  dual-coated  (or  fiber  ribbon)  coiled  to 
approximately  300mm  diameter  under  the  temperature 
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ranging  fro«  -501?  to  *601?. 

The  results  of  measured  excess  loss  at  -501?  were 
subjected  to  the  analysis  of  variance.  Table  1  shows 
the  results,  where  V  is  the  unbiased  estimate  of  popu¬ 
lation  variance  and  Fg  is  the  ratio  of  variance.  As  Fg 
of  factor  B  (primary  coating  materia!)  is  larger  than 
F0  gg  on  both  the  dual -coated  fiber  and  the  fiber  rib¬ 
bon.  this  factor  is  found  to  be  significant  at  the 


Secondary  Coating 
Primary  Coating 

Optical  Fiber 


(a)  Dual -coated  fiber 


Prigary  Coating  Secondary  Coating 


Fig.l  Fiber  structure 


level  of  5%,  showing  that  the  use  of  resin  I  having 
larger  moduli  at  low  temperatures  than  resin  II  will 
result  in  lower  excess  loss.  The  other  factors  and 
interactions,  whose  Fg  values  were  s»al ler  than  the 
values  of  Fg  g^,  showed  no  significant  difference  be¬ 
tween  these  conditions. 

It  was  found  that  the  primary  coating  aaterial  is 
the  lost  important  factor  to  affect  the  low  tegperature 
characteristics  of  both  the  dual-coated  fibers  and  the 
fiber  ribbons. 


3.  Excess  Loss  and  Modulus  of  Priaary  Coating  Material 
at  Low  Teaperatures 


In  order  to  obtain  the  optimum  primary  coating 
material,  investigated  was  the  relationship  between 
the  moduli  at  low  temperatures  of  various  primary 
coating  materials  and  the  low  temperature  excess  loss 
of  the  dual-coated  fibers.  Nine  grades  of  soft  UV 
resins  shown  in  Table  3  were  evaluated  for  the  resin 
type  and  for  the  modulus  temperature  dependence. 


Table  2  Young's  modulus  of  UV  resins 


Resin 

Young's 

modulus 

(Kg/ BB  / 

P 

lO 

CM 

-301: 

-40f 

I 

0.75 

22 

35 

11 

0.39 

0.53 

0.90 

III 

60 

140 

160 

IV 

50 

85 

120 

v 

70 

130 

150 

Table.  1  The  factors  and  the  analysis  of  variance  of  the  low  temperature  excess  loss  (at  -501?) 


Factor 

Condition 

Dual -coated  fiber 

Fiber  ribbon 

1 

2 

V  (4=1 

v< 

41) 

A 

Drawing  speed  (m/min.) 

50 

100 

(1)  178 

2.7 

(1) 

111 

■ 

B 

Primary  coating  material 

I 

II 

(1)  657 

(1) 

4862 

|  I 

C 

No.  of  UV  lamps  for  primary 

2 

1 

(1)  21 

<1 

(1) 

581 

M 

D 

Oxygen  concentration  for  primary 

20* 

<  1* 

(1)  83 

1.3 

(2) 

10 

<i 

Secondary  coating  materia! 

III 

IV 

(2)  15 

<1 

(1) 

159 

1.7 

Ho.  of  UV  lamps  for  secondary 

2 

1 

(I)  6 

<1 

(2) 

851 

9.1 

Oxygen  concentration  for  secondary 

20* 

<  1* 

12)  206 

3.2 

(2) 

30 

<1 

H 

Ribbon  coating  material 

V 

III 

- 

(1) 

850 

9.1 

I 

No.  of  UV  lamps  for  ribbon 

2 

1 

- 

- 

(1) 

52 

<1 

AXB 

Interaction 

—  Ml 

94 

1.0 

AXE 

Interaction 

■D 

47 

<1 

BXC 

Interaction 

HU 

589 

6.3 

HX  I 

Interaction 

UdM 

27 

<1 

e 

Error 

65 

94 

■ 

(*1)  (1)  shows  the  better  result  was  obtained  under  condition  1.  (t 2)  Fg  g^=6.61  (43)  Fg  gj-18.51 

(2)  shows  the  better  result  was  obtained  under  condition  2.  Fg  g^ =16 . 26  Fg  qj  =98. 49 
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Prepared  were  GI  type  optical  fibers  125  in 

fiber  diameter  coated  with  the  IIV  resins  shown  in  Table 
3  as  the  primary  coating  layer  0.3  mm*  in  diameter  and 
a  hard  UV  resin  (50  Kg/mm  and  85  Kg/  mm  in  modulus  at 
25V  and  -30V  respectively)  as  the  secondary  coating 
layer  0.9  mm*  in  diameter.  The  excess  loss  of  these 
fibers  (A=0.85um)  at  low  temperatures  were  measured. 
The  experimental  results  at  -30V  are  shown  in  Table  3. 

The  relation  between  the  modulus  of  the  primary 
coating  resins  and  the  excess  loss  of  the  fibers  at 
-30V  is  plotted  in  Fig.  2  .  Shown  is  a  tendency  that 
the  larger  the  modulus  of  the  primary  coating  material 
at  a  low  temperature  is.  the  smaller  the  excess  loss 
is. 

These  experimental  results  are  eosistent  with 
the  results  of  T. A.l.enahan obtained  from  Buckling 
Theory.  That  is.  the  contraction  of  resin  in  the 
direction  of  fiber  axis  incurs  fiber  buckling  within 
the  soft  primary  coating  layer  and  leads  to  higher 
loss  and  the  primary  coating  material  having  larger 


Modulus  at  -30 V  iKg/mm') 

Fig.  2  Dependence  of  the  excess  loss  on  the  modulus 
of  primary  coating  at  a  low  temperature 


modulus  at  low  temperatures  prevents  loss  increase  by 
buckling.  Too  large  modulus  of  a  primary  coating, 
however,  may  give  microbending  loss.  The  optimum 
modulus  of  primary  coating  material  at  low  tempera¬ 
tures  is  considered  to  exist. 


4.  The  Effect  of  Coating  Dimensions 

The  experiments  to  study  the  effects  of  coating 
dimensions  were  made  by  measuring  loss  increse  of  a 
dual-coated  fiber  at  low  temperatures  and  under  high 
lateral  pressures.  Used  was  the  standard  GI  type 
optical  fiber  and  a  soft  urethane  acrylate  for  primary 
coating  whose  modulus  is  0.30  Kg/mm2  at  R.T.  and  5.4 
2 

Kg/mm  at  -40V.  and  a  hard  urethane  acrylate  for 

o 

secondary  coating  whose  modulus  is  50  Kg/mm  at  R.T. 
and  120  Kg/mm2  at  -40  V. 

With  regard  to  lateral  pressure  characteristics, 
loss  increase  (iupl  was  monitored  when  the  fiber 
lm  in  length  placed  between  flat  plates  (500mm  x  500 
mm)  was  squeezed  by  applying  load  at  a  compression 
speed  of  10mm/min..  Temperature  dependence  was 
measured  by  monitoring  the  loss  change  (Aoj)  in  the 
test  fiber  under  the  temperature  (T)  ranging  from 
-50V  to  *60 V. 

Fig. 3  plots  Adp  (P=500Kg/m)  and  A  a  j  (T=-40V), 
where  the  diameter  of  the  primary  coating  (dj)  was 
constant  and  the  diameter  of  the  secondary  coating 
(d2>  was  varied.  Fig. 4  plots  Aap  (P=500  Kg/m)  and 
Aqj  (T=  -401'),  where  d2  was  constant  and  dj  was 
varied. 

Under  a  high  lateral  pressure,  loss  increase  is 
smaller  as  dj  and  d2  increase.  This  is  because  the 
buffering  effect  of  the  soft  primary  coating  is  en¬ 
hanced  as  dp  dccoacs  larger,  and  the  shell  effect  of 
the  secondary  coating  is  enhanced  as  d2  increases.  In 
view  of  temperature  characteristics,  on  the  contrary, 
loss  increase  is  small  when  both  dj  and  82  are  small. 
These  results  are  consistent  with  the  result  of 
T.A.Lonahan^  obtained  from  Buckling  Theory  that  thin¬ 
ner  primaries  and  thinner  secondaries  prevent  the  ex¬ 
cess  loss  caused  by  buckling. 


Table  3  Properties  of  UV  resins  for  primary  coating  and  excess  loss  at  a  low  temperature 


Fiber  Mo. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

HV  resins  for  priaary 
Resin  type(S) 

a 

(* 

b 

a 

b 

b 

b 

b 

d 

Hodulus  (at  25V) 

0.75 

0.39 

0.38 

0.50 

0.57 

0.25 

0.14 

0.16 

0.10 

(at  -30V) 

22 

0.53 

0.38 

15 

15 

110 

0.15 

0.16 

0.12 

Excess  loss  (at  -301') 

0.05 

0.20 

0.25 

0.10 

0.07 

1.05 

4.45 

0.53 

3.72 

(*)  a:  polyestorpolyol  type  urethane  acrylate 
b:  polyetherpolyol  type  urethane  acrylate 
c:  polybutadiene  acrylate 
d:  UV  curable  si  I icone 
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Since  the  conclusions  to  improve  lateral  pressure 
resistance  and  to  prevent  the  low  temperature  excess 
loss  are  contrary,  it  is  necessary  to  select  the  opti¬ 
mum  coating  dimensions  which  balance  both  the  lateral 
pressure  and  the  low  temperature  characteristics.  The 
optimum  coating  dimensions  were  concluded  as  0.25/0.50 
mm^  (primary/secondary)  from  Fig. 3  and  Fig. 4. 

5.  Development  of  Optical  Fiber  Coated  with 
Hew  UV  Resins 

In  order  to  obtain  a  dual-coated  optical  fiber 
with  both  better  lateral  pressure  resistance  and  lower 
excess  loss  at  low  temperatures,  new  coating  materials 
were  designed.  According  to  the  above-mentioned  exper¬ 
imental  results,  the  desiable  primary  coating  material 
is  not  only  soft  enough  to  prevent  microbending  loss 
incurred  by  lateral  pressure  but  also  stiff  enough  at 
low  temperatures  to  prevent  excess  loss  by  buckling. 

The  newly  designed  UV  resin  for  primary  coating  is 
in  modulus  in  the  range  from  0.1  to  0.3  Kg/mn^  at  R.T., 
but  the  modulus  gradually  increases  as  the  temperature 
lowers  down  from  OX.’  where  the  contraction  of  the  hard 
secondary  coating  material  becomes  large,  up  to  the 
range  from  20  to  50  Kg/mm^  at  -40V  .  Table  4  shows 
the  temperature  dependence  of  modulus  of  a  newly  devel¬ 
oped  resin  (UV  rosin  A)  for  primary  coating. 


The  desirable  secondary  coating  material  has  a 
modulus  large  enough  to  prevent  the  excess  loss  by 
lataral  pressures  and  its  modulus  is  as  little  depen¬ 
dent  on  temperature  as  possible.  The  temperature 
dependence  of  the  modulus  of  UV  resin  B  developed  as 
the  secondary  coating  is  also  shown  in  Table  4. 

A  dual-coated  optical  fiber  (125um^  in  fiber 
diameter.  G1  type!  coated  with  th  UV  resins  A  and  B 
in  the  optimum  dimensions  (pr i ./sec. -0.25/0. 50mm ^ I 
was  prepaied  and  evaluateo. 

Temperature  dependence  of  loss  of  the  fiber  is 
shown  in  Fig. 5  and  lateral  pressure  characteristics 
is  shown  in  Fig. 6.  This  dual-coated  optical  fiber 
demonstrated  very  low  excess  loss  both  at  low  temper¬ 
atures  (  <0.05  dB/K*  at  -4 Of')  and  undrr  high  lateral 
pressures  (  <0.02  dB  under  500  Kg/m)  . 

Also  prepared  was  a  Tiber  ribbon  coated  with  UV 
resins  A  (for  primary  layer)  and  B  (for  secondary  and 
ribbon  coating  layer)  in  the  dimensions  as  Fig.l  (bl. 
"'.i  fiber  ribbon  has  a  good  temperature  dependence 
as  shown  in  Fig. 7. 


Table  4  Temperature  dependence  of  modulus  of 
ni’wiy  developed  UV  resins  IKg'mnf") 


Resin 

cor 

25  <’ 

Or  -30  r 

-40  r 

A 

0.  in 

0.15 

0.50  10 

25 

B 

30 

05 

105 

120 

Fig.  3  Dependence  of  the  loss  increase  on  the 
secondary  coating  diameter 


Fig.  4  Dependence  of  the  loss  increase  on  the 
primary  coating  diameter 
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G.  Conclusion 


1.  The  experimental  results  us  inn  the  statistical 
exper imenta I  planning  method  revealed  that  primary 
coating  material  is  the  Host  important  factor  to 
affect  1 ow  temperature  characteristics  of  both  the 
dual -coated  optical  fibers  and  the  fiber  ribbons. 

2.  From  the  results  of  the  study  on  various  111/  resins 
for  primary  coating,  it  was  clarified  that  the  primary 
■•oat  inR  material  having  large  modulus  at.  low  temper- 
at.ures  prevents  the  excess  loss  caused  by  buckling. 

The  optimum  coating  dimensions  of  a  dua  J  -o'-ated 
fiber  which  balance  both  t  he  let  ora  I  pressure  and  the 
low  I  empor  :«t  ur  o  character  ist  ics  are  0 .  L.T>  r‘ .  TO  mm' 

■ pr i mar v  se  • >ndar y 1  . 

1.  I'ua ! -•<»;,! *»d  ei'i'*a!  fibers  with  the  new  primary 
•  •  a<  ing  HV  re; in  of  which  modulus  is  small  a!  room 
temper;, »  ur  »■  .ar-l  gradually  increases  as  the  t  ••Bp<'rht.ure 
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TIGHT  BUFFERING  FOR  OPTICAL  FIBRES  USING  MULTIPLE  COATINGS. 


S.R.  Barnes  *,  B.A.  Eales  **,  M.M.  Ramsey  **,  A.  Summers  *,  M.K.R.  Vyas  ** 


*  STC  Telecommunications,  Newport,  Gwent  U.K. 
**  STC  Technology  Limited,  Harlow,  U.K. 


ABSTRACT 

vor-  recent  years  acrylate  coated  fibre  has 
dominated  *  he  market  for  external  cables,  in 
preference  to  the  more  traditional  tight 
•  acKer e  fibre  which  has  poorer  tensile 
pr  per ties  and  is  much  more  bulky.  There  is 
'•ill  \  need  in  specific  applications  for  high 
P' rf "Trance  *  ighf  jacketed  fibre  cables.  A 
fibre  i"'b system  has  been  developed  which 
'Tbir.es  the  higher  performance  of  acrylate 
f:rr‘»s  *1  *  n  -he  advantages  of  tight  jacketing. 


INTRODUCTION 

1 s"'re  s  l  *.ua  t  i  :  r.s  ,  net  ably  military  and 

rt. al  applications  where  cables  must  survive 
harsh  »nv  i  r -  inr^n*  s  ar.d  r*".igh  handling,  tight 
b  .ffer  fibres  provide  -he  most  superior  opto- 
revhanical  ■'nan.'t  erist  h*s.  These  situations 
have  beer,  met  using  a  fibre  with  a  po iyd imethy  1 
sii-'xane  co,-**  ir.g  applied  on-line  with  fibre 
pulling,  and  a  second  jacket  of  polyamide, 
p*  lyes  ter*  or  f  1  uoropolyr.er  extrudate,  chosen  to 
meet  *he  particular  environmental  conditions. 

How-ver,  iv  -here  has  been  a  strong  trend 

-awards  -he  use  -if  single  or  multiple  acrylate 
-oat  ings  applied  on-line  with  fibre  pulling, 
since  their  use  can  lead  to  considerable 
lmpr  •vemer.t.s  in  fibre  production  economics  and 
provide  a  stronger  fibre.  Unfortunately, 
direct  substitution  of  acrylate  for  siloxane 
oMt  mgs  seldom  leads  to  a  satisfactory  buffer, 
ar.d  acrylate  is  an  unsatisfactory  coating  for 
sore  severe  applications. 

Frequently,  these  problems  can  be  overcome  by 
using  ar.  m-ermediate  buffer  layer,  but  if 
optimum  buffering  is  to  be  achieved  the  moduli 
of  all  the  coatings  and  their  relationship  must 
be  considered.  I*  is  also  necessary  to 
C\ insider  the  effects  of  subsequent  extrusion 
or.  the  layers  already  deposited,  as  well  as  the 
chemical  oompat ibi 1 i ty  of  the  layers.  Such 
considerations  exclude  some  coating  systems, 
but  solutions  are  possible  that  offer  superior 
buffering  to  polydimethyl  siloxane  and  higher 
modulus  extrudat.es .  STC  has  developed  a 
multiple  layer  construction  that  has  been 
successfully  tested  in  a  typical  range  of 
common  cables. 


2.  FIBRE  DESIGN 

The  choice  of  fibre  encapsulation  is  also 
important  in  terms  of  improvement  in  macro- 
and  microbending  performance.  Following  the 
work  of  Lenahan,  one  can  show  that  if  a  fibre 
is  treated  as  a  beam  in  an  elastic  medium,  a 
force  and  movement  balance  yields  the 
differential  equation: 

EfHly  rd*y  ^  Ky  =0 

dz*  dz  - 

•where 

Ep  is  the  fibre  modulus 

I  is  the  moment  of  inertia  of  the  fibre 

F  is  the  longitudinal  compressive  force 

and  K  is  the  spring  con^-ant  of  the  fibre 

By  calculating  the  longitudinal  compresrive 
force  at  a  given  temperature  from  the  material 
properties  of  the  fibre  and  coatings,  the 
temperature  at  which  the  minimum  bunching 
force  arises  can  be  determined: 

F  min.  =  (E  p  IK) 

These  calculations  describe  the  performance  of 
different  coating  designs  accurately. 

Secondary  parameters,  such  as  coating 
concentricity,  interlayer  adhesion  and  fibre 
uniformity,  mpKe  accurate  prediction  impossible. 

The  nylon/silicone  design  was  always  a  leading 
design  where  consistent  low  temperature  and 
general  bend  performance  were  essential;  for 
instance,  ruggedised  constructions,  patch  cords, 
single  fibre  cables.  However,  a  major  problem 
with  such  two-layer  constructions  has  been 
fibre  strength.  It  has  long  been  known  that 
the  nature  of  the  fibre  primary  coat  has 
influenced  the  resultant  fibre  strength.  The 
use  of  methane  acrylate  coatings  has  a] lowed 
proof  strain  levels  to  rise  consistently  over 
recent  years. 
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MULTIPLE  COATED  KIBRE  IN  CAULKS  v .  ro;jCLUS  I  ON? 

The  technique*  provides  a  means  <<f  pr  du'  ing  a 
tight  buffered  package  from  the  standard 
0S<)  micron  acrylate  fibres  for  both  sing  1*--— nod** 
and  multimode  applications. 

The  performance  is  a  considerable  1  mpr- •v**rv-r,  t 
on  standard  n/lori-s  L 1  iconc*  packages  in  the  kc v 
areas  of  strength  and  temperature  pcrfoi nary-- . 
Intrinsic  fibre  parameters  can  be  selected  a* 
the  acrylate  coated  stage  with  fhe  oonfid»*nce 
that  there  will  be  zero  attenuation  ln'-roncr.’ 
due  to  processing. 

The  fibre  shows  excellent  characteristic:-,  in 
a  range  of  standard  cables;  in  particular, 
Internal  FJTT  Cables  or-  Rugged ined  Cables 
(  including  the  Kr»CA  Tactical  '’able). 


TABLE  1 


he  multiple  coated  fibre  has  now  replaced  the 
ecendary  coated  fibre  in  a  number  of  standard 
ables.  In  all  cases  the  cable  has  shown 
omparable  performance  to  its  secondary  coated 
ounterpart .  In  the  case  of  ’ho  KOCA  tactical 
able,  however,  the  performance  is  significant l 
*'tter  than  tha*-  demonstrated  by  the  original 
OCA  cables. 

summary  of  the  environmental  character ist  ics 
?  !  '■  'C1  r.m  is  show n  in  Table  1. 
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AN  IMPROVED  COMPOSITE  COATING  FOR  TIGHT  BUFFER  CABLE  DESIGN 

G.  Kar  C.  K.  Chien  R.  Kannabiran  L.  Amos  D.  Eccleston 

Corning  Glass  Works 
Corning,  New  York 


A  variety  of  UV  cured  acrylate  coatings  were 
evaluated  to  identify  an  improved  composite 
coating  for  tight  buffer  cable  design.  The 
coatings  were  buffered  with  extruded  nylon 
to  900  fjm  O.D.  and  evaluated  for  ease  of 
mechanical  stripping,  lateral  load  resistance, 
and  environmental  stability.  Results  of  this 
study  are  reported  in  this  paper. 


INTRODUCTION 

Tight  buffer  fiber  optic  cable  design  is  primarily 
used  for  pigtails,  jumper  cables,  and  other  short 
length  applications  in  data  and  telecommunication 
transmission  systems.  The  cable  design  may 
contain  single  or  multiple  fibers;  these  fibers 
are  either  unstranded  or  stranded  directly  around 
a  central  strength  member.  The  900  ^m  OD 
nylon/silicone  (Room  Temperature  Vulcanized)  tight 
buffer  coating  has  been  extensively  used  in  Japan 
for  these,  as  well  as  long  haul  applications. 
Because  of  high  material  cost  and  slow  processing 
speeds.  one  alternative  approach  in  the 
United  States  has  been  the  use  of  a  500  Mm. 
composite.  UV  cured  acrylate  coating  which  is 
subsequently  buffered  to  900  t/m  with  materials 
such  as  nylon.  Hytrer.  or  Polyvinyl  Chloride. 
The  important  requirements  for  these  acrylate 
coatings  are: 

a.  Compatibility  with  the  extrusion  overcoating 
material  and  process. 


b.  Ease  of  mechanical  strippability  once  buffered 
to  900  urn. 

c.  Zero  shrink-back  for  trouble-free  connectori- 
zation  and  for  use  as  laser  pigtails. 

d.  Resistance  to  lateral  loading. 

e.  Stability  of  optical  performance  in  the  use 
environment. 

A  composite  coating  structure  for  optical  fibers 
with  at  least  two  layers  of  coatings,  a  soft 
primary  (inner)  layer  and  a  hard  secondary  (outer) 
layer,  was  first  proposed  by  Gloge  based  on  a 
lateral  load  microbending  model  and  has  since 
become  the  preferred  design  for  most  applications. 
It  has  been  shown  that  microbending  can  also  arise 
from  buckling  of  the  fiber.  Most  coating 
materials  used  today  have  thermal  expansion 
coefficients  two  to  three  orders  of  magnitude 
higher  than  that  of  the  glass  fiber.  If  the 
thermally  induced  strain  exceeds  a  critical  limit 
at  low  temperatures,  the  coatings  can  exert  a 
compressive  stress  on  the  fiber  and  buckle  the 
fiber  inside  the  primary  coating.  In  order  to 
protect  the  fiber  from  both  lateral  pressure  and 
thermally  induced  buckling  at  low  temperatures, 
the  coating  geometry,  coefficient  of  thermal 
expansion,  as  well  as  the  modulus  versus 
temperature,  play  important  roles.  Also,  for 
stable  environmental  performance,  the  coatings 
must  exhibit  low  water  absorption  characteristics. 
In  addition  to  the  modulus,  coefficient  of  thermal 
expansion  arid  water  absorption  properties,  other 
coating  properties  that  are  important  to  satisfy 
the  requirements  stated  above  are  refractive 
index,  controlled  adhesion  to  the  fiber  for  the 
primary  coating,  and  coefficient  of  friction  for 
the  secondary  coating.  The  primary  coating 
refractive  index  should  be  higher  than  that  of 
the  silica  cladding  to  facilitate  mode  stripping 
during  cut  back  attenuation  measurements  on  the 
fiber.  Controlled  adhesion  of  the  primary 
coating  to  the  glass  fiber  is  desirable  for 
ease  of  mechanical  stripping  of  the  coating, 
both  under  dry  and  humid  environments.  Lower 
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self-coefficient  of  friction  for  the  secondary 
coating  minimizes  pay  out  difficulties  during 
rewinding  and  overcoating  process. 

This  paper  reports  the  results  of  a  recent  study 
at  Coming  Glass  Works  to  identify  improved  UV 
cured  coating(s)  suitable  for  tight  buffer  cable 
designs. 


EXPERIMENTS 

A  variety  of  UV  curable,  urethane  acrylate 
coatings  were  evaluated  with  respect  to  their 
rheological,  mechanical,  environmental,  and  other 
relevant  properties.  Based  on  the  initial 
screening  of  nearly  a  dozen  coatings,  one  primary 
coating  and  three  secondary  coatings,  designated 
as  A.  B.  and  C  respectively,  were  selected  for 
detailed  evaluation.  Their  properties  are  shown 
in  Table  I.  The  dynamic  modulus  of  each  of  these 
coatings  was  determined  as  a  function  of 
temperature  using  an  Autovibron  (Model  DDV-2. 
1-Mass  Corporation)  and  are  shown  in  Figure  1. 
For  ease  of  discerning  coating  induced 

microbending  loss.  50/125  /jm.  graded  index  fiber 
was  chosen  for  this  study.  The  fiber  was  coated 
with  the  chosen  primary  and  three  secondary 
coatings  using  the  conventional  manufacturing 
process.  The  diameter  oi  the  primary  coating 
layer  was  approximately  325  /jm  and  that  of  the 
secondary  coating  layer  was  approximately  500  /Um. 
Optical  attenuation  for  each  of  these  fibers  was 
well  within  the  specification  for  this  type  of 

fiber.  These  fibers  were  subsequently  overcoated 
with  Nylon  12  -  ELY60.  a  commonly  used 
thermoplastic  jacketing  material  for  optical 
fibers,  by  an  extrusion  process.  The  process 
conditions  for  fiber  draw,  coating,  and  extrusion 
were  held  constant  for  the  three  types  of  coatings 
under  investigation.  Care  was  taken  to  keep  any 
excess  loss  due  to  overcoating  to  less  than 
0.2  dB/km  at  1300  nm. 


TAB LI  It  CUBED  FILE  PBOPEETIEg 

PRIMARY  SECOND ABY 

-  ix — zx — ~g~ 

Modulus  ( by  Autovibron)  *  Set  Figure  1  » 

■long* t ion  «  120.0  16.0  30.0  15.0 


FIGURE  1  DYNAMIC  MOOULUS  VERSUS  TEMPERATURE  FOR  VARIOUS 
COATINGS 


The  performance  of  each  coating  combination  was 
assessed  through  a  series  of  tests.  The  standard 
cutback  optical  attenuation  method  was  used  to 
determine  any  coating  induced  loss.  The  lateral 
load  microbending  test  was  carried  out  using 
Instron  4202  from  1-Mass  Corporation.  A  1.080  mm 
length  of  fiber  was  placed  between  two  flat  plates 
(surface  finish  =3  p m)  and  a  load  from  zero  to 
1 .000  Kg  was  applied.  Optical  loss  increase  at 
1300  nm  was  monitored  as  a  function  of  increas'd 
lo-H 


Temperature  dependence  was  determined  between 
-60°C  to  +85°C  on  a  I  km  length  of  fiber.  The 
fiber  was  tested  in  a  12  inch  diameter,  loose  coil 
configuration,  and  placed  in  an  environmental 
chamber  (Model  3471.  Thermal  Dynamic  Engineering 
Company).  Attenuation  increase  over  that  at  room 
temperature  was  measured  at  1300  nm  after  the 
fiber  reached  equilibration  at  the  measurement 
temperatures. 

The  strip  force  was  measured  by  measuring  the 
force  required  to  strip  I  inch  of  the  coating  from 
the  erjcL^of  a  fiber.  A  motor  driven  Clauss 
No-Nik  ~  Stripper  was  used  for  this  purpose.  The 
force  was  detected  by  a  Lebow  Force  Transducer 
(Model  7530).  The  pulling  rate  was  I  inch/minute. 

To  examire  the  coating  shrink-back,  one  meter 
fiber  samples  were  placed  in  a  Blue-M 
Environmental  Chamber  (Model  CFR-7652C)  at  65°C 
and  70%  relative  humidity.  The  samples  were 
removed  after  three  days  and  measured  for  coating 
shrink-back. 


Tg  <fro«  ton  6  by 
Autovibron),  *C 

Mstsr  Absorption,  % 

Sslf-Cosff icisnt  Of  friction 


-49.0  66.0  67.0  55.0 

2.6  4.3  3.6  2.7 

3.9  0.5  0.9 


The  water  soak  test  was  conduced  on  I  km  long. 
12  inch  diameter  loose  coils  of  fiber. 
Attenuation  change  was  measured  as  a  function  of 
time  up  to  14  days. 
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The  tests  conducted  on  both  acrylate  coated  ami 
nylon  jacketed  fibers  were  optical  attenuation, 
lateral  load  microbending,  temperature  dependence, 
and  strip  force,  while  coating  shrink-back  and  the 
excess  attenuation  due  to  water  soak  were  measured 
on  nylon  jacketed  fibers  only.  It  should  also  be 
noted  that  all  measurements  involving  optical 
attenuation  were  carried  out  at  1300  nm  using  a 
full  flood  launch  condition  in  order  to  capture 
the  worst  case  macrobending  and  inicrohemling 
scenario. 


RESULTS  AND  DISCUSSION 
Lateral  Load  Resistance 

Figures  2  and  3  show  the  lateral  load  microbending 
behavior  of  the  three  types  of  coatings  with  and 
without  the  nylon  jacket.  In  both  cases, 
coating  C  provides  the  best  lateral  load 
resistance  followed  by  Coatings  B  and  A.  in  that 
order.  As  expected,  the  nylon  jacketing  provides 
additional  buffering  against  lateral  pressure  and 
increases  the  load  required  to  produce  any  loss 
increase  by  a  factor  of  approximately  two.  As  a 
reference  point.  Figure  3  includes  the  data  on  a 
50/125  |im.  graded  index  fiber  with  RTV  silicone 
and  nylon  coating  to  900  O.D..  The  acrylate 

coated  fibers  B  and  C  compare  quite  favorably  with 
silicone-nylon  coating  in  this  regard. 


r.GUNE  2  LATERAL  LOAD  RESISTANCE  OE  COATED  FIBERS  1500  i/m  • 


F  GORE  3  LATERAL  LOAD  RESISTANCE  of  FIBERS  AFTER  NVlON 
JACKET-NO  ISO0  a-  OO 


Tcy’gerature  Dependence 

Figures  4  and  5  demonstrate  the  temperature 
dependence  of  these  three  coatings  with  and 
without  the  nylon  jacket.  On  the  as-coaled 
samples,  all  three  types  of  coalings  performed 
adequately  down  to  -60°  C  with  the  excess  loss  at 
1300  nm  less  than  0.2  dB/km.  suggesting  very 
little  thermal  strain  and  buckling  of  the  liber 
Jue  to  coaling  modulus  changes  at  lower 
temperatures.  When  these  fibers  were  jacketed 
with  nylon,  the  temperature  dependence  at  lower 
temperatures  increased.  This  is  an  expected 
result  since  the  additional  mass  of  the  jacketing 
layer  (combined  with  the  fact  that  the  polymers 
have  coefficient  of  thermal  expansion  several 
orders  of  magnitude  higher  relative  to  the  glass 
fiber)  accentuate  the  thermal  strain  on  the  fiber 
at  low  temperatures.  It  should  be  mentioned 

that  the  choice  of  a  low  modulus  primary  coating 
that  remains  soft  at  lower  temperatures  (i.e. .  low- 
glass  transition  temperature.  Tg).  along  with  a 
higher  modulus  secondary  coating.  provide 
excellent  resistance  to  lateral  pressure  while 
such  a  combination  is  more  susceptible  to  thermal 
buckling  at  lower  temperatures.  Relatively 
speaking.  Coatings  B  and  C  show  reasonable 
temperature  dependence  (_<  I  dB/km)  at  bO"C.  under 
full  flood  launch  conditions.  Coating  A.  on  the 
other  hand.  shows  higher  losses  at  low 
temperatures.  This  cannot  be  explained  purely  by 
the  modulus  versus  temperature  behavior  alone 
The  other  factors  that  may  be  contributing  to  the 
observed  behavior  are  the  coefficient  ol  thermal 
expansion  and  the  degree  of  slip  between  the 
acrylate  and  nylon  coatings.  It  was 

hypothesized  that  low  frictional  force  between 
the  'wo  layers  could  lower  the  compressive 
in 'tit  the  nylon  buffer  at  low  temperature  .md 
t  ■  •  I  it  ■  c  buckling.  The  self  coefficient  of  friction 
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«'l  Coating  A  is  several  times  higher  than  those 
Ini  Coalings  B  and  C  (Table  1 1.  Assuming  a 
si'iiilar  trend  in  the  frictional  force  between 
nylon  and  the  various  coatings,  one  would  expect 
Coating  A  to  exhibit  higher  losses  at  low 
temperatures.  Again,  as  a  reference  point,  data 
is  included  for  a  900  uni  O.D..  RTV  silicone-nylon 
buffered  fiber  which  also  shows  high  loss  in  a 
single  fiber  loose  coil  format.  Since  the 

silicone-nylon  design  typically  yields  high 
attenuation  at  low  temperatures  due  to  thermally 
induced  buckling,  it  is  a  common  practice  to 
strand  it  directly  around  a  central  strength 
member  to  reduce  buckling  induced  loss. 


4  rrMPTRAruRC  OCPCNOCNCe  Of  COATSO  H6CRS  <300  *.*■  A 


TEMPERATURE  "C 


r  KSURE  5  TEMPERATURE  OEPENOENCE  Of  FIBERS  AFTER  NYLON 
JACKETING  (POO  «*n  OOl 


From  our  study  it  appears  that  either  Coating  B  or 
C  can  be  successfully  overcoated  with  nylon  and  be 
used  in  both  stranded  or  unstranded  cable  designs 
without  any  concern  for  low  temperature 
performance.  While  not  a  subject  of  discussion  in 
this  paper,  it  has  been  previously  demonstrated  1 


and  confirmed  in  our  experimental  work  that  the 
extrusion  process  conditions  such  as  melt 
temperature,  line  speed,  cooling  rate,  and  tension 
have  significant  impact  on  the  excess  loss  due  to 
jacketing,  as  well  as  the  low  temperature 
performance  of  the  jacketed  fibers.  Based  on  this 
it  can  be  concluded  that  optimal  extrusion 
parameters  may  be  different  for  different 
composite  coating  selections  and  overcoating 
materials. 


Water  Soak  Test 

Based  on  the  lateral  load  resistance  and 
temperature  dependence  results,  the  water  soak 

test  was  performed  at  room  temperature  on  B  and  C 
coating  samples  only,  and  the  results  are  shown 
in  Figure  6.  The  data  indicate  j<0. 1  dB/km  loss 
increase  for  both  coatings  after  14  days, 
considered  sufficient  time  to  show  any 

microbending  or  macrobending  effect  due  to  coating 
property  changes. 

In  addition  to  the  above  tests,  the  ability  to 
mechanically  strip  the  coating  was  determined  and 
the  strip  force  data  are  presented  in  Table  2. 
All  three  coatings  could  be  stripped  without 
difficulty  when  dry.  Compared  to  dry  strip 
forces,  the  wet  strip  forces  were  lower.  After  a 
24  hour  water  soak,  the  strip  forces  for  these 
coalings  dropped  by  20%  to  30%  only,  suggesting 
that  reasonable  control  of  adhesion  in  both  dry 
and  wet  environments  was  achieved.  None  of  the 
coafings  exhibited  any  coating  shrink-back  alter 
three  days  of  exposure  at  65°C  and  70%  RH. 
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TABLE  2:  PROPERTIES  OP  NYLON  JACRETED  PIBERS 


COATING 

A '  B  C 


Stcip  rote*.  Rg 

Ot  y  i.Jf  1.35  1.52 

w**  i 24  Hour  water  Soak »  0.98  1.07  •  '  ' 


r ;  f  «  -Back , 


0 


0 


SUMMARY 

Based  on  this  study,  both  Coatings  B  and  C  appear 
to  be  suitable  candidates  for  tight  buffer 
applications.  These  coatings  are  expected  to 
perform  well  in  indoor,  as  well  as  outdoor 
environments.  Before  either  coating  B  or  C  is 
chosen  as  the  next  coating  to  pursue,  further 
investigation  in  cabling  studies  are  warranted. 
Additionally,  it  should  he  recognized  in  any  event 
that  the  optimum  overcoating  conditions  need  to  be 
determined  with  other  commercially  used 
overcoating  materials,  such  as  Hytret  and  PVC. 
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LCP  coated  optical  fiber  with  zero  thermal  coefficient 
of  transmission  delay  time 
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Abstract 

Thermal  coefficient  of  transmission  delay  time 
(TCO)  for  an  optical  fiber  was  first  reduced  to 
zero  at  about  0°C.  The  optical  fiber  in  this 
paper  was  coated  with  liquid  crystal  polymer  (LCP) 
having  a  negative  value  of  thermal  expansion 
coefficient.  In  this  optical  fiber,  the  change 
in  transmission  delay  time  in  the  temperature 
range  from  -40°C  to  +40°C  was  also  as  small  as 
100  ps/km,  which  is  only  4  %  of  the  intrinsic 
T CD  of  silica  glass  fiber.  The  characteristic 
of  the  optical  fiber  became  to  be  stabilized 
after  passing  through  the  high  temperature  condi¬ 
tion  and  it  was  considered  no  degradation  occu-red 
under  the  ambient  temperature  range  below  +40°C 
for  20  years. 


1.  Introduction 

For  the  applications  of  some  synchronized  networks 
such  as  phased  array  antenna  systems,  telemetry 
systems,  and  high  bit-rate  transmission  networks, 
transmission  line  with  high  thermal  stability 
in  transmission  delay  time  is  strongly 
required.  Many  papers  have  been  reported  about 
the  optical  fibers  with  various  dopants  [1], 
cabled  fibers  [2] [3] ,  and  an  optical  fiber  coated 
with  an  oriented  polymer  [4],  The  TCD  of  the 
optical  fiber  coated  with  Kevlar  FRP  was  reported 
by  us,  and  it  showed  the  smaller  TCD  than  that 
of  intrinsic  glass  material  [5].  Although,  these 
optical  fibers  and  cables  whose  thermal  coeffi¬ 
cient  of  transmission  delay  time  is  more  than  30 
ps/km/°C,  failed  to  meet  the  requirement  for  the 
above  purpose.  The  thermal  coefficient  of  trans¬ 
mission  delay  time  less  than  10  ps/km/°C,  is 
required  from  the  optical  fiber  sensor  area  and 
high  speed  data  transmission  systems.  The 
excellent  optical  fiber  having  zero  thermal 
coefficient  of  transmission  delay  time  at  about 
0°C  is  reported  in  this  paper. 


2.  Theory 


2.1  Transmission  delay  time 


The  thermal  coefficient  of  transmission  delay  time 
for  an  optical  fiber  is  given  by  the  following 
equation  (1), 


dr  rl  +  1  dL, 
dT  '  nN  dT  L  dTJ 


(1) 


The  first  term  indicates  the  temperature  dependence 
of  refractive  index  of  silica  glass,  which  is 
intrinsic  value  in  the  optical  fiber.  The  value 
of  this  term  is  approximately  +30  ps/km/°C,  or 
6  ppm/°C  of  total  transmission  delay  time.  In 
order  to  reduce  and  finally  eliminate  the  TCD 
of  the  optical  fiber,  the  second  term,  the  thermal 
expansion  coefficient  of  the  coated  fiber, must 
be  of  a  negative  value  and  cancel  the  first  term 
as  well . 


The  thermal  expansion  coefficient  a  of  a  coated 
fiber  is  given  by, 


.  1  dL  .  I!] 
'  L  dT  ~  e. 


(2) 


where  k-j ,  E i ,  and  Si  represent  the  thermal  expan¬ 
sion  coefficient,  Young's  modulus  and  cross  section 
ofi-th  material,  respectively.  From  the  above 
disscussion,  a  new  coating  material  having  the 
negative  thermal  expansion  coefficient  which  can 
be  applied  to  the  optical  fiber  without  any  degra¬ 
dation  in  the  optical  performance,  was  endeavored 
to  develop. 

2.2  Design  for  the  tight  coated  optical  fiber 

Generally,  the  tight  coated  optical  fibers  are 
doubly  coated  with  soft  resins  (primary  coating 
resins:  silicone,  UV  curable  resin)  and  thermo¬ 
plastic  resin  (secondary  coating  resins:  nylon, 
elastmer  etc,).  When  the  product  of  Young's 
modulus  and  the  cross  section  of  primary  coating 
resin  (Epri  «  Spri)  is  much  smaller  than  the  others 
in  equation  (2),  we  may  neglect  this  term.  Then 
equation  (2)  is  given  by, 

■kiEiSf  kgEgSg  +  ksec^sec^sec 

a  =  ir -  *  —  -  -  (3) 

i^isi  EgSg  +  EsecSsec 
g:  glass  fiber 

sec:  secondary  coating  resin 
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In  order  to  give  zero  thermal  coefficient  of 
transmission  delay  time,  the  following  equation 
is  required  (4). 


c.U  :  dN 
j 


'41 


The  temperature  of  the  fiber  was  changed  by  10 
degrees  with  a  sufficient  time  interval  to  realize 
the  local  equilibrium.  Typical  time  period  for 
the  whole  thermal  cycle  from  -40°C  to  +80°C  was 
24  hours  for  the  LCP  coated  optical  fiber. 

4.  Results  and  Discussions 


'.■.here,  N  c*  represents  the  stress  dependence  of 
refractive  incex  of  silica  glass.  Using  equations 
; j )  and  (4).  the  relation  of  k$ec  versus  Esec  and 
Ss ec  car  oe  given  by. 

l4-C  la~f=C  -  ng)EgSg 

'see  =  '«i.=0  ‘  — -  —  <5) 

Ct  ESe(;SseC 


where 


1  d‘i  1  aN 

N  aT  '< 

—=Q  '  .  1  dN 

dT  1  n  a-. 


When  we  put  each  typical  value  for  equation  (5) 
shown  in  Table  i.  tne  equation  (6)  is  given, 
di 


i,d 

■-sec 


=  -3.23-10’ 


73-10 

d 

dt 


( ^set^sec ) 


-0 


(6) 


Fig.l  shows  the  relation  of  k$ec  versus  sencondary 
coat  diameter  dsec  which  is  reauired  to  give  the 
zero  thermal  coefficient  of  transmission  delay 
time  when  primary  coat  diameter  dpri  is  0.4mm.  For 
example,  when  an  optical  fiber  is  coated  w’th 
a  material  whose  Young's  modulus  is  2000  kg/mm- 
and  its  coat’ng  diameter  is  0.8  mm.  theoretical 
value  of  o_  is  calculated  as  -9.31-10"  °C*  ‘ . 
dT 

"■sec 


4.1  Transmission  delay  time  of  the  LCP  coated 
optical  fiber 

Fig. 4  shows  the  temperature  dependence  in  trans¬ 
mission  delay  time  of  the  LCP  coated  optical 
fiber  under  heat  cycle  condition  from  -40°C  to 
+80°C.  The  temperature  dependence  of  transmission 
delay  time  under  the  first  cycle  (from  -40°C  to 
+80°C)  was  different  from  those  under  the  second 
and  the  third  cycles.  At  the  first  cycle,  the 
change  in  transmission  delay  time  was  small  from 
-40°C  to  +40°C,  however,  the  characteristic  of 
the  LCP  coated  optical  fiber  began  to  turn  back 
to  that  of  a  bare  fiber  over  +40°C.  Although, 
the  change  in  transmission  delay  time  at  the 
second  cycle  was  small  in  the  range  of  temperature 
from  -40°C  to  +80°C.  and  the  characteristic  of 
transmission  delay  time  at  the  third  cycle  was 
the  same  as  that  at  the  second  cycle  and 
stabi 1 ized . 

TCD  takes  zero  value  at  about  0°C  under  the  second 
and  the  third  heat  cycle  condition.  Also,  in 
the  wide  range  from  -4Q°C  to  +40°C.  the  change 
in  transmission  delay  time  was  as  small  as  100  ps/ 
km.  Compared  with  the  performance  of  conventional 
fiber  cables  shown  by  the  dotted  line  in  Fig. 4. 
drastic  improvement  was  recognized  and  it  was 
observed  that  the  characteristic  of  the  LCP  coated 
optical  fiber  was  stabilized  after  passing  through 
the  annealing  condition. 


3.  Experimental 

3.1  LCP  coated  optical  fiber 

A  secondary  coating  resin  having  a  negative  thermal 
expansion  coefficient  is  required  in  tight  coated 
optical  fibers  based  on  the  above  theory.  Thermo¬ 
tropic  hard  liquid  crystal  polymer  (LCP)  that 
had  a  negative  thermal  coefficient  ( -7--9- 10~’°C"  ‘ ) 
as  the  secondary  coating  resin  was  selected.  Fig. 2 
shows  the  cross  section  of  an  lCP  coated  optical 
fiber.  The  glass  fiber  was  doubly  coated  with 
soft  silicone  resin  and  hard  LCP.  Table. 2  shows 
the  typical  condition  of  LCP  coating  by  extrusion. 


4.2  the  relations  of  Young's  modulus  and  the 
thermal  expansion  coefficient  of  LCP  for  the 
characteristic  of  transmission  delay  time 


The  temperature  dependences  of  Young's  modulus 
and  the  thermal  expansion  behavior  of  LCP  were 
examined.  Fig. 5  shows  the  temperature  dependence 
of  Young's  modulus  of  LCP  in  the  range  from  -40°C 
to  +80°C  and  after  the  annealing  at  +80°C.  It 
was  recognized  that  Young's  modulus  of  LCP  did 
not  change  after  the  annealing  at  +80°C  for  100 
hours . 


3.2  Measuring  system  of  transmission  delay  time 

The  measuring  system  of  transmission  delay  time 
is  shown  in  Fig. 3.  A  sinusoidal  curve  (k=1.30um) 
of  800  MHZ  was  continuously  transmitted  through  the 
test  fiber,  and  the  modulation  phase  at  the  output 
was  measured  by  the  vector  voltmeter.  The  change 
m  transmission  delay  time  1. 1  was  caluculated 
by  equation  (7)  using  the  value  of  change  in  output 
phase  mudualation  frequency  f,  and  fiber  length 
L  . 


■  2  r  f  L 


(7) 


Fig. 6  shows  the  thermal  expansion  behavior  of  LCP 
tube  under  the  heat  cycle  in  the  range  of  the 
temperature  from  -80°C  to  +80°G.  It  was  good 
agreement  to  the  characteristic  of  transmission 
delay  time  in  the  LCP  coated  optical  fiber  that 
the  thermal  expansion  behavior  of  LCP  tube  was 
stabilized  after  it  passed  through  the  high 
temperature  condition.  Fig. 8  shows  the  temperature 
dependence  of  the  thermal  expansion  coefficient 
k|_CP  of  LCP.  Before  and  after  LCP  was  attained 
to  the  high  temperature  condition,  the  thermal 
expansion  behaviors  differed  from  each  other. 
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Before  LCP  passed  through  the  high  temperature 
condition,  the  thermal  expansion  coefficient 
Began  to  rise  rapidly  from  -7  -9-  10*"°C* 1  to 
a  positive  value  starting  from  the  temperature 
of  *20oC.  After  the  high  temperature  condition. 
kcCP  was  stabilized  with  a  high  negative  value 
( -8  -9- 10*' °C"  )  in  the  range  from  -40°C  to  +80°C. 
these  Behaviors  were  similar  to  those  of  the 
temperature  dependence  of  the  thermal  expansion 
coefficient  calculated  from  the  characteristic 
of  transmission  delay  time  and  the  temperature 
dependence  of  Young's  modulus  of  LCP. 

Prom  the  above  results,  ’t  is  obvious  that  the 
stabilization  of  the  characteristic  of  trans¬ 
mission  delay  time  in  an  LCP  coated  optical  fiber 
after  passing  through  high  temperature  condition 
is  caused  by  the  stabilization  of  the  thermal 
expansion  coefficient  w’th  a  high  negative  value. 

4.3  Thermal  stability 


The  degradation  characteristic  of  transmission 
delay  time  under  high  temperature  was  examined 
for  LCP  coated  optical  fibers.  Pig. 8  shows  the 
change  in  transmission  delay  time  of  LCP  coated 
optical  fibers  after  heat  aging  at  +80°C,  ■t100°C. 
and  +150°C  for  180  hrs.  After  heat  aging  at 
i80°C  for  180  hrs.  the  change  in  transmission 
delay  time  was  almost  the  same  as  the  initial 
one,  however  the  increase  of  the  change  in  trans¬ 
mission  delay  time  was  observed  after  heat  agirg 
at  +100°C  and  1 50°C .  especially  below  the 
temperature  of  0°C. 


Fig. 9  shows  the  relative  change  in  transmission 
delay  time  at  -40°C  of  LCP  coated  optical  fibers 
for  the  aging  time.  The  increase  of  the  relative 
change  in  transmission  delay  time  at  -40°C  for 
the  aging  time  and  the  aging  temperature  was 
roughly  given  by. 


_Ea 

A’  -  40°C  =  At  0e  RT-t--  - 


(8) 


And  the  activation  energy  Ea  for  the  degradation 
was  obtained  as  14  kcal/mol.  Using  the  equation 
(8),  .,.t-40°C  for  20  years  at  +40°C  was  eliminated 
as  10  ps/km.  It  was  so  minute  increase  that 
the  stability  of  characteristic  of  transmission 
delay  time  in  an  LCP  coated  optical  fiber  was 
considered  no  degradation  occurred  under  using 
the  LCP  coated  optical  fiber  in  the  ambient 
temperature  range  below  *40°C. 

5.  Conclusion 


occurred  in  using  this  optical  fiber  for  30  years 
in  the  ambient  temperature  range  below  +40°C. 

Using  this  fiber,  it  will  be  possible  to  construct 
a  larger  array  antimma  system  than  the  present 
one  which  uses  a  special  coaxial  transmission 
line. 
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Zero  thermal  coefficient  of  transmission  delay 
time  was  achieved  at  about  0°C  with  LCP  coated 
optical  fiber.  The  change  in  transmission  delay 
time  in  the  temperature  range  from  -40°C  to  *40°C 
was  also  as  small  as  100  ps/km,  which  is  only 
4  X  of  the  intrinsic  TCO  of  silica  glass  fiber. 

The  characteristic  of  transmissio.  delay  time 
in  the  LCP  coated  optical  fiber  was  stabilized 
after  passing  through  the  heat  aging  condition, 
and  it  is  also  assumed  that  no  degradation  may  not 
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Thermal  expansion  coefficient, 


Change  of  length,  Al(pm) 


Fig. 5  Temperature  dependence  of 
Young's  modulus  of  LCP 


Fig. 6  Thermal  expansion  behavior  of  Fig. 7  Temperature  dependence  of  thermal 

LCP  tube  expansion  coefficient  of  LCP 


238  International  Wire  &  Cable  Symposium  Proceedings  1987 


Increase  of  transmission  delay  time 
at  -40  °C,  A-t-40<>c(ps/km) 


Tatsuya  Kakuta 

Sumitomo  Electric 
Industries,  Ltd. 

1,  Taya-cho.  Sakae-ku 
Yokohama,  Japan 


Tatsuya  Kakuta  was  born  in  Osaka.  Japan,  on 
February  17,  1960.  He  received  the  B.S.  and  M.S. 
degrees  in  Applied  Chemistry  from  Osaka  University 
in  1983  and  1986.  respectively.  He  joined 
Sumitomo  Electric  Industries.  Ltd.  in  1985.  and 
has  been  engaged  in  research  and  development  of 
optical  fibers  and  cables.  Mr.  Kakuta  is  a  member 
of  Transmission  Media  #  S  0  Department  in  Yokohama 
Research  Laboratories. 


Shigeru  Tanaka 

Sumitomo  Electric 
Industries.  Ltd. 

1.  Taya-cho.  Sakae-ku 
Yokohama.  Japan 


Shigeru  Tanaka  was  born  in  Tokyo.  Japan,  on 
December  2.  1951.  He  received  the  B.S.  ana  M.S. 
degrees  in  Electrical  Engineering  from  Tokyo 
University  in  1974  and  1976.  respectively. 

He  joined  Sumitomo  Electric  Industries.  Ltd. 
in  1976.  and  has  been  engaged  in  the  design  and 
characterization  of  optical  fibers  and  fiber 
cables.  Mr.  Tanaka  is  a  member  of  Communication 
R  &  D  Department  in  Yokohama  Research  Laboratories 
and  of  Institute  Electronics  and  Comuni  cation 
Engineers  of  Japan. 


240 


International  Wire  &  Cable  Symposium  Proceedings  1987 


HERMETICALLY  COATED  OPTICAL  FIBERS 


K.  E.  Lu  G.  S.  Glaesemann  G.  Kar 

Coming  Glass  Works 
Corning,  New  York 


Coming's  hermetically  coated  Tiber  exhibiteu 
a  uniform  strength  distribution  over  4 
kilometers  of  liber  with  an  overall  Weibull 
modulus  of  40.  The  fatigue  resistance  of  the 
liber  tested  in  long  lengths  is  summarized  by 
the  high  fatigue  parameter,  n.  of  I  10  compared 
to  21  for  standard  liber.  In  addition,  the 
coating  was  found  to  resist  hydrogen  induced 
attenuation  at  room  temperature  and  chemical 
corrosion.  These  attributes  make  this 
hermetically  coated  liber  an  excellent 
candidate  for  use  in  undersea  cables,  many 
military  applications,  and  other  applications 
where  a  harsh  environment  is  prevalent. 


INTRODUCTION 

Low  loss  optical  libers  are  being  considered  for 
use  in  tethered  missiles,  undersea  cables,  as  well 
as  various  other  harsl.  environments.  These  new 
applications  require  that  fibers  be  exposed  to 
high  stress  for  extended  periods  of  time.  Ibis 
implies  proof  testing  at  very  high  levels  (several 
hundred  thousand  psil  or  the  development  of 
coalings  which  prevent  strength  loss  from  static 
fatigue.  For  extreme  applications,  both  may  be 
required.  In  addition.  requirements  for 

resistance  to  hydrogen  permeation  and  chemical 
corrosion  are  becoming  increasingly  important. 

Metals  such  as  aluminum,  tin.  and  lead3  6  have 
been  used  to  make  hermetic  coatings  to  minimize 
fatigue;  however.  metals  tend  to  lorn, 
polycrystalline  solids  which  can  themselves  be 
rapidly  corroded  via  grain  boundary  diffusion 
Processing  complexities  and  slow  application 
q reds  also  make  metallic  hermetic  coatings  less 
P'uctical.  Inorganic  and  ceramic  coalings  have 


recently  been  found  to  improve  fiber  fatigue 
resistance.  as  well  as  reduce  attenuation 
increases  from  hydrogen  permeation.  Corning 

has  pursued  a  hermetic  coating  technology  in  this 
area  that  would  provide  a  moisture  barrier,  limit 
hydrogen  diffusion,  chemical  corrosion,  and  meet 
the  necessary  strength  requirements. 

The  purpose  of  this  paper  is  to  review  the 
performance  of  Coming's  hermetic  coating  in  light 
ol  the  above  mechanical  and  chemical  requirements 
and  to  compare  these  results  with  those  of  typical 
standard  fibers. 


HERMETIC  COATING 

Coming's  hermetic  coating  technology  is 
compatible  with  the  existing  fiber  drawing 
process.  0  The  coaling  consists  of  an  ultra  thin 
(<500  A)  layer  of  an  inorganic  material  deposited 
directly  on  the  surface  of  a  freshly-drawn  optical 
fiber  through  a  chemical  vapor  deposition 
technique.  After  applying  the  hermetic  coating 

the  fiber  can  then  be  coated  with  any  number  of 
polymer  coatings.  However,  for  the  purposes  of 
this  paper  all  test  results  are  for  acrylate 
coated  fiber. 


STRENGTH 

The  mechanical  performance  of  fibers  should  be 
based  on  strength  data  front  a  sample 
representative  of  the  application.  Therefore, 
for  long  length  applications,  the  strength  of 
4  kilometers  of  hermetically  coated  fiber  proof 
tested  at  200  kpsi  was  measured  using  a  rotating 
capstan  fiber  tester  (RCFT)  with  a  20  meter 
gauge  length.  All  strength  tests  were  performed 
in  air  at  a  strain  rate  of  4 %/minute.  The 
strength  distribution  is  given  in  a  Weibull 
fashion  in  Figure  I  along  with  similar  data  for  a 
standard  fiber  also  proof  tested  at  200  kpsi. 
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FIGURE  1  W«*buM  Strength  Distribution  Plot*  F(k  H*rm#t»c««y 
CoatwJ  And  Standard  Fiba^a 


The  two  distributions  in  Figure  I  are  quite 
different  with  the  standard  fiber  being  tri-modal 
in  shape  with  an  upper  region  with  a  Weibull 
modulus,  m.  of  15  extending  above  the  failure 
probability  of  7%.  a  middle  region  with  a  Weibull 
modulus  of  only  3  and  a  low  region  near  the  proof 
stress  with  a  modulus  similar  to  that  of  the  upper 
region  extending  below  a  failure  probability  of 
2%.  The  hermetically  coated  fiber  has  a  more 
uniform  distribution  than  the  standard  fiber.  The 
Weibull  modulus  of  all  the  hermetically  coated 
fiber  strength  data  in  Figure  1  is  approximately 
40,  which  is  a  significant  improvement  over  the 
standard  fiber.  The  uniform  strength  of  the 
hermetically  coated  fiber  over  the  entire  4 
kilometers  is  attributed  to  the  hermetic  coating 
process.  It  is  believed  that  this  process  covers 
or  heals  large  underlying  flaws  on  the  glass 
surface  with  a  material  having  flaws  of  a  uniform 
size,  the  largest  of  which  has  a  strength  of 
approximately  400  kpsi. 


DYNAMIC  FATIGUE 

It  is  well  known  that  standard  glass  fibers 
exhibit  subcritical  crack  growth  (fatigue)  when 
subjected  to  stress  in  the  presence  of  moisture. 

A  hermetic  coating  is.  therefore,  desirable  simply 
because  it  limits  the  availability  of  moisture  to 
the  the  crack  tip,  thereby,  retarding  subcritical 
crack  growth.  To  characterize  the  fatigue 
resistance  of  the  hermetically  coated  fiber,  fiber 
strength  was  measured  under  dynamic  fatigue 
conditions:  whereby,  fibers  are  loaded  ; slowly  to 
failure  over  a  range  of  strain  rates.  The 


principle  behind  this  lest  is  that  strength 
degradation  increases  with  increasing  time  to 
failure,  i.e.,  decreasing  strain  rate.  Little 
change  in  strength  with  strain  rate  indicates 
excellent  fatigue  resistance. 

Fibers  proof  tested  at  200  kpsi  were  loaded  to 
failure  at  strain  rates  of  4,  0.4,  0.04.  and 
0.004%/minute  using  a  10  meter  gauge  length  RCFT 
apparatus.  The  tests  were  performed  at  25°C  in 
100%  relative  humidity  with  a  minimum  of  75 
specimens  per  rate.  The  strength  and  stressing 
rate  results  for  the  hermetically  coated  fiber 
were  analyzed  in  terms  of  a  power  law  crack 
velocity  relationship  '  and  are  plotted  in  a 
logarithmic  fashion  in  Figure  2.  Included  in 
Figure  2  are  similar  results  for  a  standard  fiber 
also  proof  tested  at  200  kpsi.  The  lines  in 
Figure  2  represent  a  best  fit  of  all  the  data. 


FIGURE  2  Oyoarmc  F*figu«  Of  Hermei.a»y  Coated  Arxa 
SlandartJ  F.ber*  i«  10  Meier  Gauge  Lengths 


The  strength  of  the  hermetically  coated  fiber  in 
Figure  2  shows  little  change  with  strain  rate 
giving  a  power  law  crack  velocity  parameter,  n.  of 
110.  This  high  value  for  n  indicates  minimal 
fatigue  with  lime.  The  strength  of  the  standard 
fiber,  on  the  other  hand,  decreases  more  readily 
with  decreasing  strain  rate  as  indicated  by  the  n 
value  of  21.  In  practical  terms,  for  a  40  year 
lifetime,  it  is  believed  that  the  hermetically 
coated  fiber  could  withstand  a  stress  equal  to  80% 
of  the  proof  stress;  whereas,  an  allowable  stress 
equal  to  30%  of  the  proof  stress  is  more 
appropriate  for  the  standard  fiber  for  the  same 
lifetime.1  It  is  important  to  note  that  a  recent 
study  has  shown  similar  fatigue  behavior  for  the 
hermetically  coated  fiber  tested  in  water  at  90"  C 
using  short  gauge  length  specimens. 
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HYDROGEN  PERMEABILITY 

Recent  studies  have  demonstrated  that  resistance 
to  hydrogen  induced  attenuation  is  of  particular 
importance,  especially  for  undersea  cables. 

The  resistance  of  a  single-mode  hermetically 

coated  fiber  to  hydrogen  permeation  was  measured 
by  placing  the  fiber  in  100%  H2  at  room 

temperature  for  200  days.  No  attenuation  increase 
was  observed  at  the  operating  wavelengths  of  1300 
and  1550  nm.  Penetration  of  H2  to  the  fiber  core 
was  observed,  however,  by  the  growth  of  the 
interstitial  peak  at  1240  nm.  Figure  3  shows  the 
attenuation  change  with  time,  at  1240  nm.  for  the 
hermetically  coated  fiber  and  a  standard  fiber. 

As  can  be  seen  in  Figure  3.  the  attenuation 

increase  at  this  wavelength  for  the  hermetically 
coated  fiber  was  less  than  0.4  dB/km  after 

200  days  under  this  condition,  whereas,  the 

standard  fiber  showed  an  increase  of  -8  dB/km  in 
two  weeks.  This  data  suggests  that  the 

hermetically  coated  fiber  can  significantly  retard 

hvdrogen  permeation. 


TIME  (DAYS) 

FIGURE  3  An»nu«t*on  CbAnfl#  *1  ’240  **  * 
F ur'CTtOr'  Of  Tim#  (Lin*At  SCAW' 


A  study  of  induced  attenuation  as  a  function  of 
hydrogen  partial  pressure,  total  pressure,  and 
environmental  temperature  on  hermetically  coated 
fibers  is  forthcoming. 


CHEMICAL  DURABILITY 

Some  applications  may  subject  fibers  to 

environments  which  are  particularly  corrosive  to 

silica  glass  and.  therefore,  require  a  long-term 
protective  coating.  The  chemical  durability  of 
the  hermetically  coated  fiber  was  determined  by 
stressing  the  fiber  to  250  kpsi  by  wrapping 

specimens  on  0.25  inch  diameter  mandrels  and 

exposing  them  to  chemicals  known  to  be  corrosive 
to  silica  glass,  such  as  hydrofluoric  acid  and  hot 
sodium  hydroxide  (5%  concentration  at  95°C). 


Similar  experiments  were  performed  on  standard 
fibers  for  comparison  purposes.  The  standard 
fibers  failed  in  20  seconds  in  HF  and  2  hours  in 
hot  NaOH  solutions,  whereas  the  hermetically 
coated  fibers  lasted  >4  hours  in  these  solutions 
and  failed  only  when  acrylate  coating  degradation 
allowed  the  bare  fiber  to  touch  the  mandrel. 


SUMMARY 

Coming's  hermetically  coated  fiber  exhibited  a 
uniform  strength  distribution  over  4  kilometers  of 
fiber  with  an  overall  Weibull  modulus  of  40.  The 
fatigue  resistance  of  the  fiber  tested  in  long 
lengths  is  summarized  by  the  high  fatigue 
parameter,  n.  of  110  compared  to  21  for  standard 
fiber.  In  addition,  the  coating  is  resistant  to 
hydrogen  induced  attenuation  at  room  temperature 
and  chemical  corrosion.  These  attributes  make 
this  hermetically  coated  fiber  an  excellent 
candidate  for  use  in  undersea  cables,  various 
military  applications  and  situations  where  a  harsh 
environment  is  prevalent. 
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FIRE  PARAMETERS  AND  COMBUSTION  PROPERTIES 
OF  CABLE  PULLING  COMPOUND  RESIDUES 


J.  M  Fee  and  D  J  Quist 
American  Polywater  Corporation 
Stillwater.  Minnesota  55082 


SUMMARY 

Fire  parameters  of  cable  lubricant  residues  have  been  de¬ 
termined  using  a  specially  designed  device  The  device  simu¬ 
lates  field  conditions  by  heating  lubricant  contained  in  a  conduit 
The  heating  rate  (heat  flux)  can  be  varied  to  develop  various 
fire  parameters. 

Significant  combustion  differences  are  found  among  com¬ 
mercially  available  lubricants  These  differences  include,  critical 
heat  flux,  ignition  energies,  ignition  temperature,  time  of  burn 
and  tendency  to  spread  (propagate)  or  extinguish  fire 

The  most  combustible  of  residues  are  from  lubricants  based 
on  Hydrocarbon  Waxes  or  combination  Wax  Soaps  These  re¬ 
sidues  have  critical  heat  fluxes  well  under  40  KW  m\  ignition 
energy  of  15.000-20  000  KJ  nr'  and  ignition  temperatures  of 
230  -330  C  They  burn  vigorously  lor  lengthy  periods  (5-15  mi¬ 
nutes)  and  spread  flame  along  a  conduit  whether  or  not  the 
combustion  is  supported  by  an  outside  heat  source 

Certain  Polymer.  Polymer  Teflon  and  Bentonite  Glycol  Lub¬ 
ricants  show  higher  ignition  energies  and  shorter  burn  times 
than  the  Wax-based  materials  However,  these  lubricants  still 
sustain  and  spread  flame  once  ignited 

One  lubricant,  a  High-performance  Gel  Polymer,  was  found 
to  be  considerably  less  combustible  than  fire-retardant  cables 
In  the  High-performance  Gel  “olymer.  ignition  was  very  difficult 
to  induce,  burn  times  were  ml  and  flame  spread  did  not  occur 

INTRODUCTION 

Cable  pulling  compunds  are  specialty  lubricants  which  lower 
the  force  or  tension  on  a  cable  as  it  is  pulled  into  conduit  As 
field  installers  know  the  use  ot  such  lubricants  can  often  mean 
the  difference  between  a  successfully  installed  cable  or  one 
damaged  by  excessive  mechanical  stress 

Cable  lubricants  reduce  pulling  tension  by  reducing  the  fric¬ 
tional  force  between  the  cable  iacket  and  the  conduit  wall  Low 
cable  lubricant  coefficient  of  friction  is  an  important  characteris¬ 
tic.  and  has  been  the  subject  of  much  study  and  measurement 
A  second  factor  considered  when  choosing  a  cable  pulling 
lubricant  is  its  compatibility  with  the  cable  jacket  The  lubricant 
should  not  affect  the  iacket  s  physical  properties  or  performance 
Testing  usually  consists  of  determining  the  lubricant  s  effect  on 
iacket  tensile  strength,  elongation,  dielectric  strength,  volume 
resistivity  and  stress  cracking 

A  great  variety  of  performance  requirements  lor  pulling  lub¬ 
ricants  come  from  end  users  Such  practical  issues  as  pulling 
through  water,  adhesion  to  cable  iacket.  temperature  stability 
and  even  odor  are  considered  important  by  end  users 

Surprisingly,  an  area  of  cable  lubricant  performance  that 
has  not  been  discussed  much  or  measured  until  now  is  combus¬ 
tibility  Cable  pulling  lubricants,  or.  actually,  their  residues,  are 
as  real  a  part  of  a  conduit  system  as  the  cable  or  conduit  itself 
The  combustion  character  of  the  cable  and  conduit  has  been 
the  subject  of  numerous  studies  and  standards  designed  to 
minimize  their  contribution  to  the  intensity  or  spread  of  a  fire 


The  nuclear  industry  has  made  some  attempts  to  measure 
fire  parameters  of  lubricant  residues.  A  number  of  conventional 
cable  flame  tests  have  been  adapted  to  lubricants.  The  approach 
has  been  to  put  typical  amounts  of  lubricant  on  a  fire  retardant 
cable  The  lubricant  is  allowed  to  dry  Then  the  lubricated  cable 
and  a  non-lubricated  control  are  subjected  to  the  flame  test  to 
determine  any  lubricant  effect 

When  tested  in  this  fashion,  many  of  the  Hydrocarbon  Wax 
lubricant  residues  simply  melt  and  drop  into  the  flame  This  does 
not  duplicate  the  real  conditions  under  which  these  residues 
would  be  exposed  to  fire  Such  testing  does  not  show  the  very 
significant  differences  in  the  combustibility  of  lubricants. 

The  purpose  of  this  research  was  to  develop  a  more  realistic 
fire  performance  testing  procedure  tor  cable  lubricant  residues 
Additionally,  we  wanted  to  quantify  flame  propagation  and  com¬ 
bustion  differences  among  lubricant  residues 

TEST  METHOD  AND  SAMPLES 

Cable  Lubricant  Types  and  Their  Residues 

A  wide  variety  of  cable  pulling  lubricants  are  used  through¬ 
out  the  world.  A  number  of  these  lubricants  are  manufactured 
and  marketed  specifically  for  cable  pulling  Occasionally,  au¬ 
tomotive  grease  or  even  dish  soap  is  used 

With  high-performance  plastic  and  rubber  cable  jackets  be¬ 
coming  more  and  more  common,  the  worldwide  trend  is  to  use 
lubricants  proven  to  be  compatible  with  these  materials  These 
lubricants  can  be  generally  categorized  as  follows 

1)  Polymer  Water  Solutions  Low  solids  materials  (<  5°o 
residue  by  weight)  which  have  extremely  low  friction  based  on 
high  molecular  weight  polymers  dissolved  in  water 

2)  Wax  Emulsions  Various  types  of  hydrocarbon  waxes 
emulsified  in  water  Solids  content  (residue  l  is  15-30%  by  weight 

3)  Soaps  Salts  of  various  fats  or  oils,  often  dissolved  in 
water  Solid  residue  can  vary  significantly  (20-80%  by  weight) 

4)  Bentonite  Glay  Slurries  Finely  divided,  inorganic,  bento¬ 
nite  clay  slurried  in  water  glycol  solutions  Residue  is  12-25% 
by  weight 

5)  Dry  Powders  Talc  or  other  inorganic  powder  base  100% 
solids  with  no  evaporating  component. 

How  Lubricants  are  Used  —  Fire  Exposure 

Cable  pulling  lubricants  are  applied  to  cable  jackets  or 
coated  on  conduit  walls  in  sufficient  quantity  to  lower  the  friction 
and  tension  on  the  cable  as  it  is  pulled.  The  lubricant  ends  up 
distributed  (perhaps  unevenly)  throughout  the  conduit 

The  amount  of  lubricant  in  the  conduit  vanes.  Typically,  the 
more  difficult  the  pull  (the  higher  the  expected  tension),  the  more 
lubricant  is  used.  Experienced  cable  pullers  know  that  length  of 
run.  cable  weight,  conduit  fill,  jacket  conduit  type,  and  number 
degree  of  conduit  bends  are  all  factors  that  determine  the  ap¬ 
propriate  amount  of  lubricant  to  use.  In  industrial  pulling,  lubri¬ 
cant  usage  can  vary  from  .3  to  as  much  as  6  gallons  per  100 
feet  of  conduit  At  typical  lubricant  densities,  this  is  10  to  200 
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grams  of  lubricant  per  foot  of  conduit 

After  use.  the  volatiles  in  the  lubricant  (water,  glycerine, 
glycol)  evaporate  leaving  only  the  residue  in  the  conduit  In  the 
case  of  a  lire,  this  residue  is  heated  but  contained  by  the  conduit 
system  Depending  on  the  residue  combustion  character,  it  can 
ignite  and  spread  fire  through  the  conduit 

Fire  spreading  through  conduit  systems  is  not  new  Non¬ 
flammable  conduit,  fire  retardant  jackets,  fire  stops,  etc  .  are 
useo  to  prevent  such  spread  How  do  cable  lubricant  residues 
perform  relative  to  these  better  known  cable  and  conduit  mate- 
rials'i’ 


Test  Apparatus 

To  simulate  field  exposure,  and  to  evaluate  the  performance 
of  lubricant  residues  under  fire  conditions,  the  device  shown  in 
Figure  1  was  built. 


Figure  1 


The  device  generates  heal  from  a  gas  burner  roughly  one 
foot  in  length  which  is  contained  in  a  non-combustible  box  The 
burner  heats  a  rigid  steel  conduit  split  in  half  with  welded  end 
caps  to  retain  the  lubricant  Specifically.  2  rigid  conduit  was 
placed  over  a  2  x  1 2  slot  in  the  box  to  yield  an  area  for  heat 
impingement  of  24  square  inches  i  01548m  ') 

A  flow  meter  was  used  to  control  the  gas  burn  rate  and  the 
heat  flux  from  the  burner  2  25  cubic  feet  per  hour  tcfh)  was  the 
lowest  gas  flow  rate  which  would  maintain  a  continuous  burner 
flame  This  converted  to  a  minimum  heat  flux  of  42  KW  m1 
which  was  focused  on  the  split  conduit  residue  sample 

An  iron  constantan  thermocouple  was  inserted  into  the  re¬ 
sidue  (when  possiblei  to  measure  its  temperature  Finally  a 
pilot  light  (also  gas)  was  devised  which  could  be  brought  m  from 
above  the  condu't  to  direct  a  flame  onto  the  contents  to  attempt 
ignition 


Lubricants  Evaluated 

Commercially  available  cable  lubricants  were  evaluated 
No  powder  lubricants  (talc  type)  were  represented  Inorganic 
powders  are  poor  friction  reducers  and  thus  are  not  commonly 
used  or  available  commercially  for  cable  lubrication 
The  lubricants  selected  are  in  Table  1 


TABLE  1 


Lubricants  Used  in  Combustion  Testing 


Lubricant  Designation 
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Test  Sample  Preparation 

The  lest  samples  were  prepared  by  evenly  distributing  200 
grams  of  wet  lubricant  in  the  loot-long,  split  conduit  The  lubricant 
was  dried  (typically  one  day  at  105  C)  and  percent  solids  deter¬ 
mined  to  ensure  drying 

This  procedure  duplicated  the  field  situation  of  dried  lubric¬ 
ant  dispersed  throughout  a  conduit  system  While  200  grams 
per  toot  is  a  high  lubricant  usage  it  is  not  unrealistic.  As  data 
shows  later  the  use  of  smai'er  quantities  of  lube  somewhat 
shortens  burn  times  but  does  not  affect  ignition  or  flame  prop 
agation  character 

There  were  of  course  significant  differences  m  the  amount 
and  appearance  of  the  residue  after  drying  The  conduit  contain 
mg  each  residue  sample  was  put  on  the  heating  device  described 
earlier  to  conduct  the  tests 

To  provide  a  control  for  the  test  results  20  gms  of  Hypaion 
Cable  Jacket  were  tested  using  the  same  methods  but  without 
lubricant  This  )acket  was  taken  (torn  a  Class  i  E  nuclear  qualified 
cable  that  was  fire  retardant  The  jacket  was  stripped  from  the 
cable  and  cut  into  .  squares  for  the  test 

COMBUSTION  DATA 
Ignition  Measurements 

These  measurements  were  made  to  determine  the  ease  of 
ignition  of  each  residue  None  of  the  residues  would  ignite  with 
only  a  match  anc  no  outside  heat  source  Therefore  none  are 
flammable  m  the  common  sense  of  the  word  Many  however, 
are  combustible  as  will  be  shown 

Using  an  apnroach  described  by  Factory  Mutual  Research 
several  heat  (luces  (heating  levelsl  were  focussed  on  the  split 
conduit  lubricant  residue  by  varying  the  gas  burn  The  purpose 
was  to  determine  the  size  of  the  fire  source,  it  any  needed  to 
ignite  the  lubricant  residue  Based  on  Factory  Mutual  work  with 
cable  |ackets.  three  different  heat  fluxes  (gas  burn  rate)  were 
chosen  These  were  2  25  cfh  (42  KW  m*'(  3  25  cfh  (61  KW  m1  i 
and  4  5  cfh  (85  KW  rrv  ) 

At  a  given  flame  setting  (heat  flux i  the  split  conduit  with 
dried  lube  was  placed  over  the  flame  and  time  to  ignition  was 
measured  The  thermocouple  was  inserted  into  the  residue  and 
temperature  was  also  monitored  Ignition  was  induced  by  briefly 
impinging  the  pilot  flame  on  the  residue  sample  at  30- second 
intervals  Ignition  was  defined  as  a  sustained  tlame  tor  at  least 
5  seconds  after  removal  of  the  pilot  light  With  most  o I  the 
samples,  the  pilot  produced  the  ignition  Occasionally  at  the 
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Tim*  to  Ignition  (min  I  Time  to  Ignition  (min.) 


high  heal  fluxes,  the  Hydrocarbon  Wax  Lubricants  would  spon¬ 
taneously  ignite  (without  the  pilot) 

The  heating  was  continued  for  30  minutes  If  a  sample 
ignited,  burned  for  a  short  while  and  then  self-extinguished,  the 
pilot  was  again  applied  at  30-second  intervals  to  try  to  ignite  a 
different  area  of  the  sample  Data  from  these  ignition  tests  are 
presented  in  Figures  2.  3  and  4  and  Table  2  below 


Figure  4 

Ignition  Time  at  85  KW  m? 
Heat  Flux 


TABLE  2 

Temperature  at  ignition  and  Ignition 
Energy  (Calculated)  for  Various  Heat  Fluxes 
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To  understand  this  data,  we  must  review  a  few  concepts 
Critical  heat  flux  is  defined  as  the  heat  flux  (in  KW  nrv'l  below 
which  samples  will  not  ignite  In  a  fire,  heat  flux  represents  the 
intensity  of  the  outside  fire  source  The  gas  burner  would  not 
function  at  gas  flows  under  2.25  cfh.  which  limited  our  minimum 
heat  flux  to  42  KW  m'  As  Figure  2  shows,  all  samples  could 
be  ignited  at  42  KW  m?  except  the  High-performance  Gel 
Polymer  Lube  and  the  Hypalon  Jacket  control 

Ignition  energy,  shown  in  Table  2.  is  defined  as  the  heat 
flux  multiplied  by  the  time  to  ignition  It  is  expressed  in  KJ  nr 
and  represents  the  amount  of  energy  required  to  heat  the  lubnc 
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anl  residue  to  ignition  temperature  This,  in  turn  is  related  to 
the  quantity,  specific  heat  and  thermal  conductivity  properties 
of  the  lubricant  residue 

The  data  show  significant  differences  in  the  ignition  proper¬ 
ties  of  the  lubricant  residues  The  Wax  and  Wax  Soap  Lubes 
have  critical  heat  fluxes  well  under  40  KW  m?  and  ignition  ener¬ 
gies  under  20.000  KJ  itt  They  ignite  at  temperatures  bet.veen 
200  and  300  C 

The  Hypalon  Cable  Jacket  and  the  High-performance  Gel 
Polymer  Lube  have  critical  heat  fluxes  above  40  KW  mJ  and 
ignition  energies  above  50.000  KJ  nr  We  could  not  determine 
a  consistent  critical  heat  flux  for  the  High-performance  Gel 
Polymer  since  it  ignited  briefly  at  61  KW  m‘ .  but  would  not  ignite 
at  85  KW  m‘  Regardless,  the  Hypalon  Jacket  control  and  High- 
performance  Gel  Polymer  were  clearly  much  harder  to  ignite 
than  the  other  lubricants  tested 

We  should  note  that  the  Bentonite  Clay  Lubricant  ignition 
seems  illogical  However,  these  lubes  contain  ethylene  glycol 
which  is  what  burned 


Flame  Propagation  &  Burn  Times  — 

Continued  Outside  Heat  Source 

Once  a  residue  had  ignited  (greater  than  five  seconds  burn  i 
several  additional  measurements  and  observations  were  made 
First,  the  burn  was  timed  until  the  flame  extinguished  If  the 
flame  spread  through  the  conduit  from  the  initial  ignited  area 
this  was  noted  If  the  flame  went  out,  additional  attempts  were 
made  to  ignite  other  areas  of  the  residue  with  the  pilot  for  the 
fun  30  mmutes  of  the  test 

Data  on  burn  times  and  flame  propagation  are  presented 
m  Figures  5.  6  7  and  Table  3  below 


Figure  6 

Time  of  Continuous 
Burn  at 

61  KW/m!  Heat  Flux 


// 


<r  <r 

o* 
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TABLE  3 


Flame  Propagation  at  Various  Heat  Fluxes 


Lubricant 

Flama  Spread 
«  42  KW 

Flame  Spread 
KW  ma? 

Flame  Spread 

-•/  65  KW  m2-> 

H:gp  LV'L'f'it,tnl  «.*  Je  Po  ' 

N, 

N, 

N.- 

Wax  # 1 

Wax  *: 

Wax  •  3 

Wa*  »4 

V- 

V.*S 

f  j^wW.n  Soar 

f-Vy-’V  V  m 

Wax  S-'-.u 

Ht'-WS,.-, 

Nr 

.. 

HW,." 

N:> 

V 

The  lubricant  residues  fall  into  several  categories  The  Hy¬ 
drocarbon  Wax  and  Combination  Wax  Lubes  once  ignited  burn 
freely  and  at  length  allowing  the  flame  to  spread  throughout 
the  conduit 

The  Clay  Slurries  and  Teflon-containing  Lube  also  burn 
continuously,  and  spread  the  flame  although  not  with  such  vigor 
Finally  while  the  Hypalon  Jacket  High-performance  Ge' 
Polymer  and  plain  Polymer  can  sometimes  be  ignited  for  short 
time  periods  at  the  higher  heat  dux  they  seif  extinguish  and  do 
not  spread  flame  The  High-performance  Gel  Polymer  Lubricant 
shows  very  short  it  any  bum  times  and  quick  se't-extmguish- 
ment  The  High-performance  Gel  Polymer  Lubricant  is  m  tact 
considerably  more  fire  resistant  than  the  Hypalon  Cable  Jacket 


Flame  Propagation  &  Burn  Time  — 

Discontinued  Outside  Heat  Source 

Tests  were  done  where  the  burner  was  turned  off  once  the 
sample  had  ignited  The  lowest  heat  flux  which  had  previously 
resulted  m  ignition  was  used  tor  these  tests  The  burning  sample 
was  then  observed  to  see  if  the  dame  spread  throughout  the 
conduit  from  the  pomt  o(  ignition  Total  time  of  burn  was  also 
measured 

This  test  determines  whether  the  heat  produced  by  combus¬ 
tion  of  the  lubricant  residue  is  sufficient  to  sustain  the  flame 
without  any  additional  outside  heat  source  In  a  fire  situation 
this  could  result  in  the  spread  of  the  fire  into  a  non-burning  area 
ithrough  a  firewall) 

The  data  on  bum  times  and  flame  propagation  are  pre¬ 
sented  m  Table  4  below 


TABLE  4 


Fire  Parameters  with  Burner  Turned  Off 
on  Lubricant  Ignition 


Lubricant 

Heat  Flu* 

Ttme  of  Burn 
(Minutes  A  Seconds) 

Spread  on 
Propagation 
Through 
Conduit? 

M-yK  . . .  ►•(  !*■ 
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No  Iqnit-on 

No 
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Results  show  that  the  Hydrocarbon  Wax.  Combination  Wax 
and  Polymer  Teflon  Lubricants  burn  vigorously  even  when  the 
outside  heat  source  is  removed  The  combustion  of  these  lubri¬ 
cants  produces  enough  heat  to  self-sustain  and  propagate 
tlame 

The  High-performance  Gel  Polymer  Lube  would  not  burn 
for  more  than  five  seconds,  barely  enough  time  to  turn  oft  the 
burner  The  Hypalon  Jacket  material  did  burn  tor  several  minutes 
after  the  heat  flux  was  removed  The  tlame  did  not  spread, 
however 

Residue  Quantity 

To  see  how  combustion  properties  changed  with  a  smaller 
quantity  of  residue,  several  of  the  combustible  lubricants  were 
tested  with  one-half  the  amount  in  the  test  conduit  (100  gms  l 
Results  are  presented  in  Table  5. 


TABLE  5 


Fire  Parameters  with  100  gram  Sample  Size 


Lubricant 

Heat 

Flu* 

(KW  m;) 

Ignition 

Ttme 

Temperature 
At  Ignition 
(  C) 

Time 
of  Burn 
(Minutes  A 
Seconds) 

Flame 

Spread 

Throughout 

Conduit’’ 

Wa»  t  "  ’ 

4.' 

.VP 

h  4  7 

>f*s 

. . .  - 

4. 

»• 

A  < 

T*-S 

With  half  the  residue  the  results  did  not  ditter  significantly 
'rom  be'ore  Ignition  times  and  temperature  are  similar  Surpris¬ 
ingly  even  with  the  significant  decrease  in  fuel,  burn  times  are 
down  only  Slightly 

Residue  Mobility 

It  was  noted  earlier  that  the  Hydrocarbon  Wax  Lubes  melted 
on  heating  Melting  data  on  the  lubes  are  presented  in  T able  6 

TABLE  6 


Melting  Data  on  Lubricant  Residues 


Lubricant 

Liquifies  When  Heated 
Above  300“C? 

High-performance  Gel  Polymer 

Lube 

No 

Wax  Lube  #  1 

Yes 

Wax  Lube  # 2 

Yes 

Wax  Lube  #3 

Yes 

Wax  Lube  #4 

Yes 

Flatted  Wax  Soap  Lube 

Yes 

Polymer  Teflon  Lube 

No 

Wax  Soap  Lube 

Yes 

Bentonite  Slurry  Lube 

No 

Polymer  Lube 

No 

Hypalon  Jacket 

No 

To  see  it  melted  lubricant  residue  would  flow  and  spread 
flame,  a  test  was  run  on  Wax  Lube  #  1  The  residue  from  200 
grams  ot  Wax  Lube  #  1  was  placed  in  halt  the  length  ot  conduit 
The  same  device  and  heating  procedure  (42  KW  nr')  was  used 
as  before  As  expected,  the  lubricant  residue  melted  (at  about 
120  0  and  (lowed  through  the  conduit  The  flowing  residue 
ignited  at  240  C  The  flame  was  then  spread  by  the  mobile  fluid 
through  the  entire  length  of  the  conduit 
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CONCLUSIONS: 


Significant  differences  can  be  observed  in  the  combustibility 
of  lubricant  residues 

The  Wax  and  Combination  Wax  Soap  Lubricant  residues 
are  combustible  They  ignite  at  heat  fluxes  below  40  KW  m 2 
and  temperatures  of  200  -300  C.  Once  the  wax  residue  is  ig¬ 
nited.  the  flame  sustains  itself  without  any  outside  heat  source 
Flame  will  also  spread  along  these  residues.  This  flame  move¬ 
ment  is  accelerated  if  the  residue  melts  and  flows. 

There  are  a  number  of  other  lubricants  —  Polymer  Teflon. 
Bentonite  Clay  Glycol  Slurries  —  which  can  also  be  ignited  but 
do  not  burn  as  vigorously  nor  as  long  (lower  solids).  These  also 
spread  flame  once  ignited 

Finally,  there  was  one  lubricant  which  showed  little  tendency 
to  ignite  or  bum.  in  fact,  less  tendency  than  fire  retardant  cable 
jacket  This  was  the  High-performance  Gel  Polymer  Lube 

The  ignition  behavior  of  the  lubricant  residues  is  specific  to 
the  residue,  rather  than  its  quantity  Some  residues  were  quite 
combustible,  with  only  one  demonstrating  outstanding  fire  resis¬ 
tance 

A  secondary  factor  is  the  quantity  of  the  residue  remaining 
This  quantity  is  directly  proportional  to  the  percent  non-volatiles 
i°o  solids)  of  the  lubricant  Lubricants  with  very  low  solids 
(<1°o)  don  t  seem  to  have  enough  residue  to  propagate  or 
spread  flame,  even  it  their  residues  can  be  ignited 

In  applications  where  the  spread  of  fire  is  of  concern,  and 
particularly  where  fire-retardant  cables  are  used  in  conduit  care 
shou'd  be  used  in  selecting  a  lubricant  One  approach  is  to 
select  lubricants  which  are  less  combustible  than  the  cable  itself 
Based  on  this  approach  suggested  performance  criteria  for  such 
a  lubricant  iresiduei  would  be 

1 1  Will  not  ignite  for  more  than  10  seconds  at  a  40  KW  nr 
heat  fiux  or  at  a  3 1 5  C  temperature  (200  gm  sampler 

2t  At  a  heat  flux  of  60  KW  nr  will  not  burn  for  more  than 
60  seconds  after  removal  of  heat  source  1 200  gm  sampiei 
3:  Will  not  melt  or  flow  when  heated  to  350  C 
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ABSTRACT 

The  development  of  a  thermoplastic,  halogen  free, 
low  smoke,  fire  retardant  compound  which  is 
suitable  for  use  in  the  manufacture  of  both  power 
and  telecommunication  cables  is  described.  Results 
are  presented  to  show  that  the  compound  possesses 
similar  mechanical  properties  to  a  typical  PVC 
jacketing  compound.  The  low  smoke,  low  acid  gas, 
and  low  toxic  gas  emission  characteristics  of  the 
material  are  discussed.  The  effect  of  prolonged 
immersion  in  water  on  the  electrical  properties  of 
the  compound  has  also  been  studied,  and  results 
presented  which  show  that  after  an  initial  drop  in 
insulation  resistance  constant,  an  equilibrium 
value  is  achieved,  which  is  higher  than  that 
specified  for  a  PVC  jacketing  material.  The 
processing  characteristics  of  the  compound  have 
been  investigated,  and  results  presented  to  show 
that  extrusion  speeds  similar  to  those  of  typical 
PVC  jacketing  compounds  can  be  achieved.  Cables 
jacketed  with  the  compound  have  passed  a  severe 
vertical  fire  test. 


INTRODUCTION 


For  many  years,  many  halogen  containing  polymers 
have  been  used  in  the  manufacture  of  electrical 
cables.  Compounds  based  on  these  polymers,  which 
include  polyvinylchloride(PVC) , 

polychloroprene(PCP)  etc;  have  provided  the  cable 
manufacturer  with  robust,  inexpensive,  easy 
processing  materials,  which  have  given  good  service 
in  practice.  There  has  in  recent  times  however, 
been  a  recognition  that  some  of  the  conventionally 
used  cable  compounds  based  on  halogen  containing 
polymers,  can  present  problems  in  the  event  of  a 
f  i  re . 

These  problems  can  be  classified  into  three  main 
-•ttegories.  Firstly,  some  conventionally  used 
impounds  can  propagate  a  fire  along  a  cable  run, 
:r  ,  by  generating  drips  of  burning  material,  can 
•nrymit  the  fire  to  a  lower  level  of  an 
•  i  1  at  ion .  Secondly,  the  formation  of  large 
of  dense  black  smoke  and  acidic  and/or 
‘^mes  is  a  major  concern  where  large  numbers 
•  .  *■  jafher  n  a  confined  area  eg  Underground 
.’»n  systems,  Hotels,  Exhibition  Halls, 
t ’rally,  the  formation  of  h.ighly 


acidic  fumes  can  damage  expensive  equipment  eg. 
Telephone  Exchanges,  Computer  Suites,  Military 
Electronic  Systems  etc.  In  response  to  these 
problems,  "zero  halogen"  or  "halogen  free 
compounds  have  been  developed. 

The  general  requirements  for  thermoplastic,  zero 
halogen  compounds  have  been  described 
previously"-5 .  This  has  led  to  the  development  of 
thermoplastic  compounds  which  possess  excellent 
fire  retardant  characteristics,  thus  making 
possible  the  manufacture  of  cables  which  generate 
only  very  low  amounts  of  smoke  and  acidic 
fumes6  7-6. 


Many  cable  manufacturers,  however,  prefer  to  offer 
cables  manufactured  using  compounds  of  their  own 
design,  which  has  led  in  certain  cases  to  zero 
halogen  cables  possessing  adequate  fire  and  smoke 
properties  but  exhibiting  a  number  of  drawbacks. 
These  drawbacks  can  be  summarised  as  poor 
mechanical  properties  (in  some  cases,  cable  jackets 
with  tensile  strengths  of  less  than  5  MPa,  725  psi, 
have  been  offered),  poor  electrical  properties 
(especially  when  immersed  in  wat-  ,,  poor  abrasion 
resistance  and  processing  difficulties. 

Furthermore,  as  most  of  the  applications  into  which 
zero  halogen  cables  are  now  being  installed  would, 
in  previous  years,  have  used  PVC  jacketed  cables, 
it  would  seem  reasonable  to  attempt  to  develop 
materials  which  possess  the  desirable  attributes  of 
zero  halogen  compounds,  coupled  with  the  mechanical 
and  electrical  properties  normally  associated  with 
PVC  jacketing  compounds. 


DISCUSSION 

Laboratory  Evaluations 

It  is  beyond  the  scope  of  this  paper  to  discuss  in 
detail  all  of  the  compound  formulation  philosophies 
which  were  examined  in  the  present  work.  A  broad 
classification  can  be  made  however,  based  on  the 
types  of  polymers  eg.  EEA,  EBA,  EVA,  EPR,  EPDM  etc 
used  in  each  class  of  formulation.  A  programme  of 
experiments  was  executed  1  .  which  only  the 
important  properties  were  evaluated.  The  general 
conclusions  from  these  experiments  is  given  in 
Figure  1 . 
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Base  Polymer  Type  I  II 

Lab  Formulation  No.  19  38  67Q  DR1 

Tensile  Strength  *****  * 

Elongation  ***  ***  **  * 

Cold  Elongation  *  *  **  ** 

Dimensional  *  *  *  * 

Stability  at  I00°C 


III  IV  V 


51  72R  62E  40 


Electricals  after  *  *  ** 

immersion  in  water 

Manufacture  **  **  ** 

Scuff  Resistance  *  *  * 

Processability  *  *  * 


★★  ★  *★*  ***  * 


★  *  *  *  ***  *  * 


★  **  ***  *  ** 


*  »  poor,  **  =>  moderate,  ***  =  good 

Figure  1. 

General  Conclusions  from  Screening  Programae 


Property 

Result 

Tensi le  Strength 

15  MPa ( 2 1 75ps i ) 

Elongation 

150  % 

Elongation  at  -25°C(-13°F) 

50  % 

Insulation  Resistance  Constant 
(  K  value  ) 

345  Megohm  Km 

Oxygen  Index 

35 

Specific  Gravity 

1.57 

Figure  2. 

Properties  of  Laboratory  Formulation  72R  Extrudate 


PROPERTIES 

CABLE  A9 

CABLE  B:= 

CABLE  C;; 

Tensile  Strength 

14.5  MPa 
(2100  psi) 

14.0  MPa 
(2030  psi) 

15.1  MPa 
(2620  psi) 

Elongn.  at  Break 

158  % 

148  % 

164  % 

After  Ageing  10  days  at  100°C  (212°F) 

Tensile  Strength 

18.3  MPa 
(2650  psi) 

16.4  MPa 
(2375  psi) 

17.2  MPa 
(2180  psi) 

Elongation 

134  % 

132  % 

134  ss 

After  Ageing  7  days  at  121°C(250°F) 

Tensile  Strength 

- 

17.6  MPa 
(2550  psi) 

Elongation 

- 

114  % 

- 

Figure  3. 

Mechanical  Properties  of  Cable  Jackets 


was  renumbered  as  compound  300  for  production 
manufacturing  trials,  customer  evaluation  and 
further  detailed  study.  Several  cables  were 
manufactured  in  the  factories  of  different 
customers  using  standard  production  quality 
compound.  The  results  obtained  from  these  trials, 
along  with  supporting  laboratory  tests,  are 
presented  in  the  remainder  of  this  paper. 


MECHANICAL  PROPERTIES 


As  can  be  seen  in  Figure  3,  similar  results  have 
been  obtained  from  cables  produced  by  different 
manufacturers  and  which  are  in  broad  agreement  with 
the  laboratory  results  demonstrated  in  Figure  2. 
Furthermore,  the  absolute  values  obtained,  and  the 
retention  values  after  ageing,  exceed  the  minimum 
values  required  for  a  general  purpose  PVC  jacketing 
compound12,  as  well  as  those  for  zero  halogen  cable 
jacketing  compounds1328. 


THERMOMECHANICAL  PROPERTIES 


Laboratory  formulation  72R  stood  out  as  the  only 
compound  which  gave  a  good  or  moderate  performance 
in  most  of  the  areas  initially  under  consideration. 
Some  of  the  actual  results  obtained  from  laboratory 
extrudate  are  reproduced  in  Figure  2. 

Following  these  initial  results,  formulation  72R 


Hot  Pressure  and  Hot  Deformation 

For  a  single  cable  jacketing  compound  to  be 
suitable  for  use  in  the  manufacture  of  both  power 
and  telecommunication  cables,  it  is  essential  that 
the  compound  possess  adequate  hot  pressure  and/or 
hot  deformation  characteristics.  These  tests  were 
carried  out  on  extruded  samples  and  the  results  are 
presented  in  Figures  4  and  5.  As  can  be  seen. 
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Figure  4. 

Hot  Deformation  Test 


BS  6469:1984 


Figure  6. 

Elongation  at  Break  vs  Temperature 


compound  300  easily  exceeds  the  requirements  of  50% 
penetration  at  80°C(176°F)  which  are  specified  for 
a  PVC  jacketing  compound12.  The  results  would 
indicate  that  in  this  respect,  the  compound  is 
suitable  for  use  on  cables  with  rated  conductor 
temperatures  up  to  90°C(194°F). 


Low  Temperature  Properties 


Having  investigated  the  high  temperture 
thermomechanical  properties  of  the  compound,  it  is 
important  to  establish  the  lower  practical 
temperature  at  which  the  cable  may  be  handled 
without  cracking.  Figure  6  shows  the  measured 
elongation  at  break  over  a  range  of  sub  zero 
temperatures.  Applying  the  criteria  of  20%  minimum 
elongation  which  is  specified  for  a  hard  PVC 
jacket12,  the  minimum  practical  installation 
temperature  would  be  expected  to  be  approximately 
~35°C  (-31°F) . 

Finished  cables  jacketed  with  compound  300  have 
also  passed  Cold  Bend  and  Cold  Impact  tests 
at  -25°C(-130F)which  lends  practical  support  to  the 
above  data. 


Hot  Pressure  Test  BS  6469:1984 


ELECTRICAL  PROPERTIES 


Many  European  cable  constructions  rely  on  the  use 
of  galvanised  steel  wire  armour  or  other  metallic 
tapes  as  protective  members, and  often  to  act  as 
electrical  screening  or  as  an  earth  conductor/fault 
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Days  in  water 


Figure  7. 

Insulation  Resistance  Constant  vs  Tine 


path.  There  is  a  concern  in  some  cases,  when  a 
halogen  free  cable  has  been  immersed  in  water  for 
even  a  short  period,  the  insulation  characteristics 
of  the  sheath  rapidly  deteriorate,  leading  to  the 
possibility  of  accelerated  corrosion  of  the  armour 
due  to  electrochemical  processes.  Because  of  this 
concern  there  has  been  an  attempt,  in  a  recent  zero 
halogen  cable  specification13  to  address  this 
problem  by  specifying  a  minimum  insulation 
resistance  constant.  The  test  method  specified, 
however,  only  considers  the  effects  of  immersion  in 
water  for  a  relatively  short  period  (12  hours}.  In 
practice,  cables  may  come  into  contact  with  water 
for  longer  periods  than  this  and  so  it  is  of 
interest  to  examine  the  electrical  properties  after 
prolonged  immersion.  The  insulation  resistance  of 
Formulation  72R  has  been  monitored  for  a  period  of 
182  days  at  the  time  of  writing  utilising  the 
method  specified  for  a  PVC  jacketing  compound13. 
The  insulation  resistance  is  measured  on  an 
approximately  lmm(0.040inch)  thick  plaque,  and  the 
insulation  resistance  constant  or  K  value  is 
calculated  using  the  following  formula. 


K  =  3.66  x  10  7  x  R  x  A 
t 


R  =  measured  resistance  in  Megohm 
A  =  area  of  electrode  in  mm2 
t  =  sheet  t hichness  in  mm 

The  results  are  presented  in  Figure  7. 


TEST 

VALUE 

Limiting  Oxygen  Index 

35 

Temperature  Index 

270°C 

BS4066  Part  1 

Pass 

(on  cable  A) 

Figure  8. 


Small  Scale  Fire  Tests  on  Compound  300 


The  minimum  permitted  K  value  of  a  PVC  jacketing 
compound  and  that  of  a  zero  halogen  compound  has 
been  specified  as  0.0035  Megohm  Km  >213.  The 
value  obtained  for  the  insulation  resistance 
constant  of  Formulation  72R  when  tested  by  the 
specified  procedure  (ie  after  12  hours  immersion) 
was  345  Megohm  Km.  At  that  point  however,  the 
sample  was  not  at  equilibrium,  and  the  insulation 
resistance  continued  to  fall,  until  an  equilibrium 
value  was  attained;  which  for  Formulation  72R, 
appeared  to  be  equivalent  to  2  megohm  Km:  still 
considerably  higher  than  the  permitted  minimum 
value  of  0.0035  Megohm  km. 

The  insulation  resistance  of  Compound  300  has  also 
been  monitored  for  an  extended  period,  although 
somewhat  shorter  than  for  Formulation  72R,  and 
shows  a  better  performance  than  that  of  its 
laboratory  predecessor.  This  apparent  improvement 
in  electrical  properties  is  known  to  be  due  to  the 
higher  degree  of  dispersion  of  the  inorganic 
ingredients  obtainable  from  the  production  plant 
which  was  used  tc  manufacture  compound  300. 


FIRE  TEST  PROPERTIES 


Several  small  scale  laboratory  fire  tests  have  been 
performed  on  compound  300,  and  the  results  are 
given  in  Figure  8.  The  Limiting  Oxygen  Index  of  a 
typical  PVC  jacketing  compound  would  be  expected  to 
be  in  the  order  of  28-32,  whilst  that  of  compound 
300  is  somewhat  higher  at  35.  The  Temperature  Index 
of  compound  300  is  higher  than  the  minimum  value  of 
260°C  required  for  a  zero  halogen  jacketing 
compound  for  Metro  (subway)  cables15. 

Most  fire  retardant  cable  specifications  however, 
do  not  refer  to  the  fire  performance  of  individual 
elements  within  the  construction  of  a  cable  but  to 
the  performance  of  the  finished  cable,  although 
there  are  several  notable  exceptions14 • 15  where 
minimum  values  of  limiting  oxygen  index  and 
temperature  index  are  specified. 

In  order  to  test  the  effectiveness  of  compound  300, 
as  a  fire  retardant  cable  jacketing  compound,  it 
was  therefore  necessary  to  test  a  finished  cable  to 
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Schematic  Drawing  of  BS  4066  Part  3  Vertical  Fire 
Test 
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Figure  10. 

Schematic  Drawing  of  the  3  Metre  Cube  Smoke  Test 


a  recognised  fire  test  procedure.  There  are 
several  vertical  fire  test  procedures  which  possess 
simi lar  general  characteristics 16 ■  17- 16- 19  and  the 
test  method  selected  was  the  relevant  British 
Standard'-'  which  is  refered  to  in  a  specification 
for  halogen  free,  low  smoke  cables13.  This  test 
method  has  three  categories  dependent  on  the  amount 
of  combustible  material  on  the  ladder.  For  this 
test,  the  highest  loading  of  7  litres  per  metre  was 
selected  (category  NMV  7).  The  cables  are 
subjected  to  a  70,000  Btu  burner  for  40  minutes  and 
damage  should  not  exceed  2.5  metres  (8.2  ft)  from 
!  the  burner. The  general  layout  of  the  test  chamber 

is  shown  in  Figure  9. 

A  zero  halogen,  fire  retardant  cable10  jacketed 
with  compound  300  and  constructed  according  to  an 
appropriate  8ritish  Standard13  which  incorporates 
standard  XLPE  low  voltage  insulation  materi al .was 
tested  in  this  manner.  Lengths  of  this  cable  were 
wired  on  the  ladder  in  a  staggered  formation.  This 
,  is  the  mure  severe  method  of  bunching  the  cables  as 

the  igniting  flame  can  penetrate  around  the  cables 
on  the  front  of  the  ladder,  to  those  at  the  rear, 
and  the  relative  positions  of  the  cables  on  the 
ladder  can  produce  a  'chimney'  effect.  Following 
the  test,  damage  to  the  cable  jacket  was  limited  to 
'  1.05  metres(3.5  ft)  from  the  burner, ie.  the  cable 

had  achieved  a  'pass'  rating  to  Category  NMV  7  in 
!  the  BS4066  Part3  vertical  fire  test.  The  cable  self 

extinguished  at  the  end  of  the  test,  and  no  burning 
I  drips  were  observed  throughout  the  duration  of  the 

!  test. 


Figure  11. 

Results  From  3  Metre  Cube  Smoke  Test 
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Figure  12. 


NBS  Smoke  Chamber  Results 


SMOKE  TESTS 

The  "3  Metre  Cube'  or  27m3  smoke  test  is  gaining  in 
popularity  and  is  specified  in  a  number  of  cable 
specifications-3-  ■  2'.  The  test  was  originally 
developed  to  assess  the  formation  of  smoke  arising 
in  a  Metro(Subway)  application,  and  in  this 
respect,  the  27  m'  test  chamber  approximates  to  a 
tunnel  section.  The  basic  layout  of  the  test 
chamber  is  shown  in  Figure  10.  A  burning  alcohol 
fire  source  is  used  and  the  smoke  generation  is 
monitored  continuously  by  a  horizontal  light 
source/photcell  assembly.  The  chamber  may  also  be 
modified  to  include  pilot  lights  or  EXIT  signs  in 
order  to  obtain  a  subjective  assessment  of  smoke 
generation. 

Figure  11  shows  the  trace  obtained  from  Cable  C, 
along  with  the  equivalent  data  for  a  similar  PVC 
jacketed  cable.  This  result  clearly  shows  the 
dramatic  improvement  in  the  degree  of  smoke 
generation  of  compound  300  over  the  PVC  equivalent. 

Other  data  supporting  this  result  has  been  found 
from  smaller  scale  tests  carried  out  in  the  NBS 
Smoke  chamber,  where  a  maximum  specific  optical 
density(Ds  max)  of  39  has  been  obtained  for  tests 
carried  out  in  the  flaming  mode.  The  equivalent 
results  for  a  typical  PVC  compound  would  be 
approximately  600.  The  results  of  this  work  are 
presented  in  figure  12. 
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Figure  13. 

MES  713  -  Toxicity  Index  for  Compound  300 


TOXICITY 


The  question  of  toxicity  is  one  which  is  highly 
emotive  and  is  bedevilled  by  the  lack  of  meaningful 
test  methods.  The  concept  of  a  "Toxicity  Index" 
has  been  adopted  in  a  number  of  areas,  particularly 
by  the  military21-22.  This  method  involves 
completely  burning  the  organic  content  of  a  small 
sample  in  a  chamber  of  specified  volume,  then 
measuring  the  concentration  of  a  number  of  specific 
gases  during  the  combustion.  These  concentrations 
are  then  processed  mathematically  using  factors 
based  on  the  exposure  levels  of  each  gas  considered 
fatal  to  man  for  a  30  minute  exposure  time,  and 
using  correction  factors  for  background 
concentration  to  produce  a  single  figure  known  as 
the  toxicity  index. 

The  mean  of  duplicate  results  of  tests  carried  out 
to  NES  71321  are  presented  in  Figure  13.  As  can  be 
seen,  the  absence  of  halogenated  or  sulphurous 
gases  confirm  the  halogen  and  sulphur  free  nature 
of  the  compound.  Other  potentially  toxic  gases  were 
present  in  only  trace  amounts. 

The  observed  toxicity  index  value  of  0.465  is 
significantly  lower  than  the  maximum  value  of  5 
allowed  by  the  U.K.  Naval  Specification  NES  51814. 


ACID  GAS  EVOLUTION 


There  are  several  methods  which  can  be  used  to 
evaluate  the  evolution  of  acidic  gases  from  burning 
polymeric  materials23-24.  Most  of  these  methods 
involve  the  combustion  of  a  small  sample  of 
compound  in  a  current  of  air.  The  fire  gases  are 
collected  in  wash  bottles  and  the  resulting 
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Figure  14. 


Acid  Gas  Evolution  Results 


solutions  examined,  either  by  chemical  methods23  or 
by  measurment  of  pH  and  conductivity24.  The  results 
obtained  for  compound  300  using  both  of  these 
procedures  are  presented  in  Figure  14,  along  with 
the  equivalent  results  for  a  typical  PVC  jacketing 
compound. 

The  British  Standard  method  is  only  accurate  for 
hydrogen  chloride  contents  greater  than  0.5%  and 
hence,  only  this  lower  detection  limit  can  be 
assigned  to  compound  300  despite  its  zero  halogen 
nature.  With  the  VDE  method,  the  low  pH  and  high 
conductivity  of  the  solution  obtained  from  the  PVC 
jacketing  compound  demonstrates  the  highly  acidic 
nature  of  the  fire  gases.  As  anticipated,  compound 
300  produced  only  a  weakly  acidic  solution,  which 
also  possessed  a  low  conductivity,  thus  confirming 
the  low  level  of  acid  gases. 


PROCESSING  CHARACTERISTICS 

A  pre-requisite  of  any  cable  jacketing  compound  is 
that  it  can  be  processed  efficiently  within  a  cable 
factory,  with  the  minimum  of  ancillary  processes, 
such  as  pre-drying  etc.  Furthermore,  as  the  object 
of  this  work  was  to  develop  a  halogen  free  material 
which  possessed  similar  properties  to  a  PVC  cable 
jacketing  compound,  it  is  not  unreasonable  to 
attempt  to  achieve  similar  processing  speeds. 

A  60mm(2.36  inch),  24  L/D  extruder  was  used25, 
fitted  with  a  16/30  head,  into  which  was  installed 
13.3  mm(0.524  inch)  point  and  14.9  mm(C.589  inch) 
die.  No  breaker  plate  or  screen  pack  was  used. 
The  same  simple  temperature  profile  was  adopted 
throughout  the  series  of  experiments  and  is 
reproduced  in  Figure  15.  The  processing 
characteristics  of  compound  300  were  examined  on 
three  different  designs  of  screw. 

Screw  design  A,  known  as  "Constance"  design,  is  a 
proprietary  design26,  incorporating  a  barrier 
flight.  This  design  is  commonly  used  to  process 
PVC  jacketing  compounds. 
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Temperature  Profile  for  Extrusion  of  Compound  300 


Output  Versus  Screw  Speed 


Screw  design  B  is  a  low  compression,  low  shear 
screw  and  is  highly  effective  for  processing  low 
smoke,  fire  retardant  compounds27. 

Screw  design  C  is  a  developmental  design26  which 
combines  the  barrier  flight  technology  of  screw 
design  A  with  the  low  compression  and  shear 
characteristics  of  screw  design  B. 

Compound  300  was  used  without  any  pretreatment  such 
as  drying  etc.,  and  was  extruded  at  several  screw 
speeds  with  each  of  the  screws.  The  output,  melt 
temperature,  head  pressure  and  screw  torque  were 
measured  at  each  speed.  The  results  of  these 
experiments  are  presented  in  figures  16  -  19. 
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Melt  Temperature  Versus  Screw  Speed 


Screw  Torque  Versus  Screw  Speed 


Head  Pressure  Versus  Screw  Speed 


The  barrier  flight  of  screw  A,  imparts  a  relatively 
high  degree  of  shear,  which  results  in  a  higher 
screw  torque  and  more  rapid  rise  in  melt 
temperature.  The  maximum  practical  volumetric 
output  of  compound  300  obtained  from  screw  A  was  49 
litre/hour  (77  kg/hour;  170  lb/hr)  which  is 
significantly  lower  than  the  115  litre/hour(160 
kg/hour;  352  Ib/hour)  which  would  be  typical  for  a 
PVC  jacketing  compound  processed  on  this  screw  at 
140  rpm. 

A  significantly  higher  output  was  obtained  from 
screw  B  as  anticipated,  although  at  high  screw 
speeds  (90  r.p.m.)  the  extrudate  was  lumpy  and 
contained  occasional  isolated  single  blisters. 
This  lumpy  appearance  was  ascribed  to  poor  thermal 
homogenisation  and  the  blisters  are  believed  to  be 
due  to  the  entrapment  of  air  within  the  melt.  These 
phenomena  are  not  surprising  since  the  screw 
channels  are  relatively  deep  and  the  compression 
ratio  is  very  low  (  approximately  1.2  :  1). 

The  developmental  screw  (designated  015  by  the 
manufacturer)  has  a  deep  flight  similar  to  screw  B 
but  has  a  relatively  low  barrier  flight  throughout 
a  short  section  of  the  screw  length.  This  barrier 
flight  imparts  sufficient  compression  within  the 
screw  to  ensure  that  no  air  is  entrapped  and  that 
good  thermal  homogenisation  is  achieved.  Good 
quality  extrudate  was  obtained  at  high  output 
rates.  Indeed,  at  75  rpm,  a  volumetric  output  of 
127  litre/hour  (200  kg/hour;  440  lb/hour),  wh' 
compares  favourably  with  the  115  1  i  tres/l.  joi', 
typically  expected  from  a  PVC  compound  being 
processed  on  a  screw  designed  to  process  PVC. 
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Effect  of  Extrusion  on  Properties 


THE  EFFECT  OF  PROCESSING  OH  PROPERTIES 


The  effect  of  different  types  of  extrusion 
processing  techniques  commonly  used  were  examined. 
A  60mm(2.36inch) ,  20  I/O  extruder  equipped  with  a 
screw  of  type  B  above  was  fitted  with  a  20  mm(  0.79 
inch)  point  and  a  23  mm(  0.91  inch)  die.  the 
positions  of  the  point  and  die  relative  to  each 
other  was  varied,  to  enable  both  pressure  and 
tubing  style  extrusion  (draw  down  ratio  1.5:1)  to 
be  performed.  Additionally,  extrudate  was  allowed 
to  'bleed'  from  the  extruder  in  an  unsupported 
manner.  The  extrudate  so  produced  was  aged  under 
various  test  regimes  and  the  results  are  presented 
in  Figure  20.  As  can  be  seen,  the  hignest  tensile 
strength  is  obtained  from  a  tubing  style  extrusion, 
in  which  the  orientation  within  the  jacket  would  be 
expected  to  be  the  greatest. 

In  a  second  series  of  tubing  extrusion  experiments, 
the  effects  of  different  drawdown  ratios  on 
dimensional  stability  was  examined.  For  this  work, 
two  sets  of  tools  were  employed  :  the  first  set  of 
tools  gave  drawdown  ratios  in  the  range  1.7:1  to 
2.2:1  whilst  jacketing  a  19mm(0.748  inch)  core;,  and 
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Dumbell  Shrinkage  vs  Drawdown  Ratio 


the  second  set  of  tools  gave  drawdown  ratios  in  the 
range  2.4:1  to  3.8:1  whilst  jacketing  a 
5.95mm(0.234  inch)  core.  Dumbell  samples  taken  from 
the  jackets  so  produced  were  aged  at  100°C(212°F) 
for  2  hours.  Previous  thermal  ageing  work  had  shown 
that  any  dimensional  changes  taking  place  in  these 
materials  occurs  in  the  first  few  hours  of  the 
ageing  procedure.  The  results  of  these  experiments 
are  presented  in  Figure  21.  As  can  be  seen,  a 
reasonably  direct  relationship  exists  between  the 
drawdown  ratio  used  in  the  tubing  extrusion  and  the 
shrinkage  obtained  with  the  dumbell  samples. 

In  practice,  cables  A  and  B  (see  Figure  3)  were 
manufactured  using  a  tubing  technique  with  a  draw 
down  ratio  of  approximately  1.5  :  1,  and  dumbells 
taken  from  the  jackets  exhibited  shrinkage  values 
of  3.5  %  and  4  %  respectively  after  ageing  for  7 
days  at  100°C  (212°F).  The  retraction  of  the  sheath 
on  an  experimental  cable  which  had  previously 
showed  a  dumbell  shrinkage  of  approximately  10  %, 
was  found  to  be  2  %  after  ageing  the  cable  for  7 
days  at  100°C  (?12°F) . 

The  above  results  would  suggest  that  compound  300 
is  suitable  for  either  pressure  or  tubing  style 
extrusion  techniques.  In  the  latter  case  however, 
the  drawdown  ratio  should  be  preferably  below  ?  :  1 
in  order  to  prevent  excessive  dumbell  shrinkage, 
although,  in  practice,  high  dumbell  shrinkage 
values  may  not  lead  to  high  sheath  retraction. 

It  is  gratifying  to  discover  that  the  laboratory 
results  obtained  with  Formulation  72R  have  been 
generally  reproduced  with  Compound  300  in  practical 
manufacturing  environments  (  cf.  Figures  Z,  3,  and 
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20)  despite  the  operational  differences  found 
within  these  seperate  factories. 


CONCLUSIONS 


The  object  of  this  work  has  been  to  develop  a 
halogen  free,  thermoplastic  material  with  similar 
performance  characteristics  to  a  PVC  jacketing 
compound,  yet  provide  improved  performance  in  a 
fire. 

To  this  end  it  has  been  demonstrated  that  compound 
300  is  a  thermoplastic,  halogen  free,  fire 
retardant  compound  which  is  suitable  for  use  as  a 
cable  jacketing. 

Compound  300  possesses  tensile  strength  and 
elongation  properties  which  enable  the  material  to 
satisfy  the  requirments  expected  from  a  jacketing 
grade  of  PVC. 

The  excellent  thermomechanical  properties  of 
compound  300  make  it  suitable  for  use  in  the 
manufacture  of  both  power  and  telecommunication 
cables. 

Cables  jacketed  with  Compound  300  exhibit  very  low 
fire  propagation  characteristics  as  evidenced  by 
results  from  BS  4066  Part  3  fire  tests. 

Generation  of  smoke,  acidic  and  toxic  fumes  from 
compound  300  is  minimal. 

By  utilising  modern  screw  design  technology, 
compound  300  may  be  extruded  at  similar  rates  to 
typical  PVC  jacketing  compounds. 

Compound  300  may  be  processed  using  various 
conventional  extrusion  techniques,  and  in  each  case 
can  comply  with  the  specification  for  a  hard  PVC 
jacketing  compound12. 

It  is  the  view  of  the  authors  therefore,  that 
compound  300  provides  a  viable  alternative  to  a  PVC 
cable  jacketing  material  for  use  in  environments 
where  smoke,  acidic  and  toxic  fumes  may  present 
special  problems  in  the  event  of  a  fire. 

It  is  envisaged  that  cables  utilising  compound  300, 
will  be  installed  in  areas  either  where  people  need 
to  be  evacuated  safely  and  quickly  in  an  emergency, 
or  in  areas  containing  expensive  or  sensitive 
equipment.  These  areas  include  hotels,  high  rise 
buildings,  exhibition  centres,  hospitals,  telephone 
exchanges,  metro(subway)  systems,  airports, 
offshore  platforms,  military  applications,  power 
generation  facilities,  oil  and  petrochemical 
installations  and  many  others. 
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AB5IEACI 

A  family  of  intrabuiMing  fiber  opuc  cables  was 
developed  to  meet  Bellcore  TR-TSY -00040*)  Riser  and 
Plenum  Requirements  The  specifications  require  that 
cables  installed  within  buildings  must  comply  with  the 
requirements  of  the  National  Electrical  Code  Article  770-6. 
cables  for  plenum  applications  pass  the  UL  910  Fire  and 
Smoke  Test  and  cables  for  riser  applications  pass  the  UL 
1666  Flame  Test  *  The  Multi-Fiber  lntrabuilding  Cable, 
used  in  riser  applications,  and  Fan-Out  lntrabuilding 
Cable,  used  in  plenum  applications,  arc  rugged,  high 
performance  communication  cables.  Attenuation  change 
is  less  than  0  50  dB/km  over  the  cable's  operating  range  of 
various  indoor  distribution  environments. 

These  cables  consist  of  6  -  36  fibers  tightly  buffered 
with  a  mechanically  strippablc  protective  thermoplastic 
coaling.  The  fibers  are  stranded  around  an  all  dielectric 
central  member  and  then  wrapped  with  a  high  strength 
aramid  yarn  for  further  mechanical  protection  and 
strength  An  outer  jacket  with  required  flame  retardant 
and  low  smoke  properties  completes  the  design. 

This  paper  will  discuss  in  detail  design  parameters, 
material  selection,  and  performance  data  of  both  plenum 
and  riser  mtrabuilding  cables 

ICT^QDUCTIO.N 

Point-to-point  communication  between  buildings 
(campus  links)  has  proven  to  be  a  cost-effective 

application  for  fiber  in  the  premises  market.  As  users' 
needs  increase,  along  with  the  upgradcability  of  fiber 
to  provide  the  capacily  for  higher  data  rate  services 
such  as  video  and  voice,  fiber  has  become  very 

attractive  for  indoor  applications  within  the  premises 
wiring  system.  Areas  such  as  distribution  runs  in  the 
plenum,  (eg.  interconnecting  the  wiring  closet  with 
the  work  station),  and  floor-to-floor  runs  in  the  riser 
shaft,  (eg.  connecting  the  entrance  terminal  with  the 
wiring  closet),  are  two  intrabuilding  applications 
where  fiber  optic  cables  have  become  cost  effective 
and  usage  is  increasing  significantly.  - 

The  growth  for  voice,  data,  and  video  services 

stimulated  a  demand  for  a  set  of  guidelines  for  the 
industry  to  follow.  Bell  Communications  Research. 
Inc.  (Bellcore)  published  a  Technical  Reference 
detailing  Bellcore's  position  on  generic  requirements 

for  optical  fibers  and  cables.  This  Technical 
Reference  was  targeted  at  Tiber  Optic  lntrabuilding 
Cables  and  has  since  become  a  leading  industry 
standard 

Discussed  within  arc  the  plenum  and  riser 

product  lines  developed  and  tested  to  meet  Bellcore's 


TR-409  specifications.  In  all  cases  the  cables  tested 
met  or  exceeded  the  test  criteria  specified. 

CABLE  design  reourements 

Bellcore's  Technical  Reference  (TR-409)  is 
written  as  a  performance  specification  as  opposed  lo  a 
design  specification.  However,  areas  such  as  jacket 
thickness  and  fiber  requirements  are  mentioned  to 
assist  the  manufacturer  in  designing  a  cable  meeting 
the  performance  requirements.  The  most  critical  and 
design  dependent  of  these  specifications  are  the 
environmental  (temperature  cycling  and  fire 
resistance)  and  mechanical  requirements.  These 
requirements  arc  listed  in  Table  I.1 

Except  for  the  fire  resistance  requirements,  the 
test  procedures  follow  the  EIA-455  Fiber  Optic  Test 
Procedures.  The  fire  resistance  requirements  of  the 
cables  arc  dictated  by  the  intended  installation  site  of 
the  cable.  These  cables  must  comply  with  the 
requirements  of  the  National  Electrical  Code  (NEC) 
Article  77(1  and  meet  one  of  three  levels  of  fire  safety 
i  plenum,  riser,  or  general  purpose). 

For  plenum  applications,  where  a  cable  is  used  in 
any  space  for  handling  environmental  air,  the  optical 

cable  must  have  "adequate  fire-resistant  and 
low-smoke  producing  characteristics".-1  This  is 
measured  by  satisfying  Standard  t'L  910  Test 
Procedure.  This  test  is  the  most  stringent  because  it 
measures  both  flame  propagation  and  smoke 
generation  while  being  burned  within  a  Slcincr 
Tunnel. ^  For  riser  applications,  any  opening  at  which 
point  the  cable  passes  from  floor-to-floor,  the  cable 

must  have  "fire-resistancc  characteristics  capable  of 
preventing  the  carrying  of  fire  from  floor  to  floor''.1 

These  cables  must  pass  the  UL  1666  simulated  riser 
shaft  test  where  the  cable  is  subjcclcd  lo  a  burner 
flame  for  30  minutes.  The  cable  passes  UL  1666  if 
flame  prrpagation  is  less  than  12  feet.  Genera) 
purpose  is  simply  the  applications  where 

intrabuilding  cables  arc  used  in  areas  which  arc 
neither  riser  nor  plenum.  When  used  in  general 
purpose  ■'pplicalions  the  optical  cable  must  pass  the 
LL  15X1  Vertical  Tray  Flame  Test. 

The  19X7  NEC  allows  substitutions  for  the  three 
levels  of  fire  safety  A  plenum  cable  can  he  used  for 
plenum,  riser,  and  general  purpose  applications  A 
riser  cable  can  be  used  for  riser  and  general  purpose 
applications  Table  2  lists  cable  description, 

designator,  application,  and  suhctiiuiion  lor  the  three 
levels  of  fire  safets  s 


International  Wire  &  Cable  Symposium  Proceedings  1987  265 


Table  I 


CABLE  REQUIREMENTS 

RISER 

PLENUM 

1 

Impact  Resistance 

20  impacts 

10  impacts 

Compressive  Strength  1 

20  N/tnm 

10  N/mm 

Tensile  Strength  1 

1330  N 

665  N 

Cable  Cyclic  Flexing  1 

25  cycles 

100  cycles 

Fire  Resistance 

UL  1666 

UL  910 

•> 

Operating  Temperature 

-20  C  to  +60  C 

0  C  to  +50  C 

Storage  Temperature 

-40  C  to  +70  C 

-40  C  to  +70  C 

1  ma*.  increase  in  aticnualion:  ('.20  ilB  singlemode;  0.40  mulumodc 

2  man.  increase  in  attenuation:  0.30  dB/km  singlemode;  0.60  multimode 


Table  2 

UL  TYPE  DESIGNATIONS  FOR  ARTICLE  770 
OPTICAL  FIBER  CABLE 


Cable  Description 

Designator 

Application/Test 

Substitution 

Conductive  Optical 

OFC 

General  Purpose/ 

Fiber  Cable 

UL  1581  Vertical 

OFCR/OFNR, 

Tray  Flame 

OFCP/OFNP 

NonConductive  Optical 

OFN 

Fiber  Cable 

Conductive  Riser 

OFCR 

Riser/UL  1666 

OFCP/OFNP 

Nonconductive  Riser 

OFNR 

Conductive  Plenum 

OFCP 

Plenum/UL  910 

Nonconductive  Plenum 

OFNP 
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cAPtK  mms 

Both  plenum  and  riser  cables  consist  of  fibers 
coated  out  to  5(H)  microns.  The  fibers  are  100  kpsi 
proof  stressed,  twice  the  proof  stress  of  standard 
outdoor  cables,  and  lightly  buffered  out  to  a  diameter 
of  lMH)  microns  with  a  mechanically  strippable 
thermoplastic  coating  for  protection.  Multimode 
fibers  with  a  core  of  50  microns,  a  cladding  of  125 
microns,  and  a  NA  of  0.20  are  used  in  the  designs 
discussed  because  of  their  relatively  high  micro-bend 
sensitivity.^  Because  of  different  cable  requirements 
for  plenum  and  riser  applications,  the  cable  designs 
differ  in  overall  construction. 

The  Multi-Fiber  Intrabuilding  Cable  (MIC)  is  used 
for  riser  applications.  Within  the  MIC,  fibers  arc 
individually  color-coded  and  directly  stranded  around 
an  all  dielectric  central  member.  High  strength 
uramid  yarn  is  then  spun  around  the  fibers  providing 
tensile  strength  for  the  cable.  The  yarn  also  acts  as  a 
cushion  in  absorbing  impacts  and  protecting  the 
fibers  from  compression.  An  outer  jacket  of  flame 
retardant  P\  C  completes  the  design.  Because  of  high 
fiber  density,  small  size,  low  weight,  and  cost 
effectiveness,  the  MIC  is  the  best  solution  for 
point-to-point  links  in  riser  systems.  A  final  cable 
cross  section  is  shown  in  Figure  1. 


The  I  an-Out  Intrabui Idmg  Cable  is  used  where 
small  si/c  is  not  as  critical  and  the  requirement  for 
fanning  out  fibers  at  more  than  one  location  is  much 
greater,  (eg  plenum  applications j.  As  a  result,  the  ‘>00 
micron  buffered  fibers  have  aramid  yarn  spun  around 
them  and  an  individual  fluoropolymcr  jacket  for  added 
protection  and  stand  alone  use.  The  individual  cables 
are  stranded  around  an  all  dielectric  central  member. 
A  flame  retardant,  low  smoke  fluoropolymer  outer 
jacket  completes  the  cable  design.  A  final  cable  cross 
section  is  shown  in  Figure  2. 

Although  the  plastic  materials  of  the  riser  and 
plenum  cables  differ,  the  same  design  parameters 
were  used  to  determine  the  size  of  the  antibuckling 
dielectric  central  member  (GRP).  By  knowing  the 
modulus  and  coefficient  of  thermal  expansion  of  the 
plastics  and  the  desired  temperature  range,  the 
central  member  size  is  calculated  for  a  particular 
contraction.  Ideally,  to  avoid  microbends  that  result 
in  an  increase  in  attenuation,  the  fiber  should  sec  no 
strain  throughout  the  temperature  range. 
Consequently.  there  should  be  virtually  no 
contraction  of  the  cable  as  not  to  induce  any  fiber 
strain.  A  calculated  compression  of  0.30%  for  each 
cable's  low  operating  temperature  has  proven  to  show 
little  increase  in  attenuation  and  was  used  to 
determine  the  required  size  of  the  GRP  rod. 
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Figure  2:  Siecor  Fan-Out  Intrabuilding  Cable 


CABLE  FERfORMANgE 

The  final  designs  of  both  cables  were  tested  to 
the  Bellcore  TR-409  specification.  Mechanical  tests 
and  results  for  both  riser  and  plenum  cables  are  listed 
in  Table  3.  The  riser  and  plenum  cables  passed  the 
flame  tests  according  to  UL  1666  and  UL  910 
respectively.  AH  of  the  test  results  exceed  the 

stringent  requirements  of  Table  1.  Each  mechanical 
test  was  performed  several  times  on  different  cable 
samples.  The  result  for  each  test  is  an  average  of  the 
gathered  data. 

Temperature  cycling  results  are  shown  in 
Figures  3  and  4  for  the  riser  and  plenum  cables 
respectively.  Each  cable  met  and  exceeded  the 

required  specifications  listed  in  Table  1.  Both  the  riser 
and  the  plenum  cable  had  no  irreversible  attenuation 
increases  within  the  specified  storage  temperature. 
The  riser  cable  increased  less  than  0.15  dB/km  within 
us  operating  range.  The  plenum  cable  increased  less 
than  0.40  dB/km  within  its  operating  range. 


CONCLUSION 

We  have  designed,  manufactured  and  tested  a 
family  of  riser  cables  (Multi-Fiber  Intrabuilding 
Cables)  and  plenum  cables  (Fan-out  Intrabuilding 
Cables)  that  meet  current  Bellcore  TR-409 
Specifications.  The.  families  are  comprised  of  6  -  36 
fibers  and  designed  for  high  performance  optical 
transport  of  voice,  data,  and  video  communications 
with  less  than  0.50  dB/km  increase  in  attenuation 
within  the  cable’s  operating  temperature  range  and 
exceed  all  mechanical  performance  requirements. 


268  Internationa!  Wire  &  Cable  Symposium  Proceedings  1987 


Attenuation  Change  Temperature  (C 

(dB/km) 


Table  3 


CABLE  RESULTS 


TEST 

RISER 

PLENUM 

Impact  Resistance 

1000  impacts 

1500  impacts 

Compressive  Strength 

1500  N/cm 

2000  N/cm 

Tensile  Strength 

2000  N 

4700  N 

Cable  Cyclic  Flexing 

2000  cycles 

1000  cycles 

Fire  Resistance 

UL  1666  Listed 

UL  910  Listed 

Operating  Temperature 

<0.15  dB/km 

(-20  C  10  +70  C) 

<  0.40  dB/km 

(0  C  to  +70  C) 

Storage  Temperature 

No  residual. 

No  residual. 

70 

23 
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Figure  4:  Fan-Out  Temperature  Cycling  Results 
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EVOLUTION  OF  A  SMALL  SCALE  TEST  DEVICE  WHICH  SIMULATES  THE  UL  910  FLAMMABILITY  TEST 
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ABSTRACT 

The  Underwriters'  Laboratories  Standard  910 
(UL  910)  is  the  test  method  for  determining 
values  of  flame  propagation  distance  and 
optical  smoke  density  for  electrical  and 
optical  fiber  cables  that  are  to  be  installed 
in  ducts,  plenums,  and  other  spaces  used  for 
environmental  air  without  the  cables  being 
enclosed  in  raceways.  The  method  uses  a  25- 
foot-long  fire  chamber,  generally  referred  to 
as  the  UL  910  Tunnel  or  the  Steiner  Tunnel. 

This  paper  discusses  the  design  and 
construction  of  a  small  scale  device  or  test 
apparatus,  called  the  Mini-Tunnel.  The  fire 
chamber  of  the  Mini-Tunnel  is  approximately  10 
(ten)  feet  long,  and  it  adequately  simulates 
the  results  of  the  longer  UL  910  Tunnel. 
General  features  of  the  Mini-Tunnel,  and  a 
comparison  of  the  results  of  tests  conducted 


on  cable 

samples 

from 

the  same  reel  in 

the 

Mini-Tunnel 

and 

the 

UL  910  Tunnel 

are 

presented. 

A  discussion  of  advantages 

and 

limi tations 

of 

the 

Mini-Tunnel  is  also 

included. 

INTRODUCTION 

Unintended  and  uncontrolled  fires  cause  damage  to 
life  and  property.  Various  fire  safety  tests, 
commonly  referred  to  as  "flammability  tests",  are 
designed  to  reduce  occurrence  of  such  fires,  and 
to  minimize  the  damage  caused  by  them.  The  1987 
National  Electrical  Code|l]  has  established  four 
levels  of  fire-resistance  for  communications 
cables.  The  highest  level  is  required  for  plenum 
cables;  these  cables  are  tested  per  the  UL  910 
tunnel  test.  ( 2 | 

The  UL  910  test  is  used  to  determine  whether  the 
flame  propagation  and  smoke  generation 
characteristics  of  cables  installed  without 
raceways  in  air  handling  plenums  are  in  accordance 
with  the  provisions  of  the  National  Electrical 
Code  (NEC),  ANSI /NFPA  70-1987. 

In  this  test,  cables  are  exposed  to  a  fire  of 
considerable  severity  and  of  a  precise  flame 
length,  for  a  certain  length  of  time.  During  that 
period,  the  maximum  length  of  flame  spread,  and 
the  maximum  value  of  optical  smoke  density  or 
smoke  obscuration  are  measured.  From  these 


experimental  data,  contribution  to  flame 
propagation  and  smoke  generation  by  the  test  cable 
are  calculated. 


DISADVANTAGES  OF  THE  UL  910  TEST 

In  the  development  phase  of  new  cables,  one  has 
only  an  intermittent  need  for  testing  cables  per 
UL  910;  therefore,  erecting  a  full-scale  UL  910 
Tunnel  to  conduct  tests  in-house  is  not  very 
practical  for  the  following  reasons: 

The  full  scale  tunnel  occupies  a  large  space,  the 
test  requires  long  lengths  of  cables  for  burning, 
and  the  fuel  and  labor  costs  for  running  the  test 
are  high. 


DEVELOPMENT  OF  THE  MINI -TUNNEL 

To  make  rapid  iterations  in  developmental  cable 
design  work,  it  is  d^_  able  to  have  in-house 
testing  capability.  But  the  results  of  small 
scale  flammability  tests  such  as  measurement  of 
Oxygen  Index  (L0I),  vertical  or  horizontal  burn 
tests,  smoke-box  tests  for  measuring  smoke 
generation  values,  etc.,  are  not  reliable 
indicators  for  predicting  the  results  of  UL  910 
tests.  Hence,  a  small  scale  device  which  can  be 
installed  in-house,  and  which  can  simulate  the 
results  of  the  UL  910  test  is  very  desirable.  The 
Mini-Tunnel  is  one  such  device.  (Table  1, 

Figure  1) 

Table  1 

COMPARISI  N  OF  THK  SFT  UP  FOR  UL  STANDARD  910 
AND  MINI  TUNNEL  TESTS 


CRITERIA 

UL  STANDARD  910 

MINI -TUNNEL 

Floor  space,  area 

Ml'  X  V6" 

24'  X  i'6" 

Horizontal  duct,  length 

28 ’h" 

12' 

Fire  chamber .  length 

?V 

10' 

Cable  tack,  length 

74’ 

9’8" 

width 

11  1/4" 

!)  1 ' 4  " 

Cable  sample,  length 

74’ 

9'fe" 

Flame  spread  distance,  max. 

19' 6" 

V 
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5.  The  Mini-Tunnel  is  mobile.  It  can  be  moved 
from  one  place  to  another  if  necessary. 


LIMITATIONS 


Associated  with  the  advantages  of  the  Mini-Tunnel 
test  are  certain  limitations.  They  generally 
arise  due  to  the  shorter  length  of  the  tunnel. 
They  may  be  summarized  as  follows: 

1.  Tb'-  Mini-Tunnel  test  can  measure  whether  the 

e  propagation  distance  for  a  cable  sample 
is  five  feet  or  less,  and  thus  indicate 
whether  the  cable  passes  or  fails  the  test. 
But  for  those  cables  that  fail  the  test,  the 
test  will  not  indicate  whether  the  same  cable 
sample  will  have  a  flame  propagation  distance 
of  six,  seven,  or  even  nineteen  feet  when 
tested  according  to  the  full  scale  UL  910 
test . 

2.  As  mentioned  earlier,  the  length  of  cable 
samples  tested  in  the  Mini-Tunnel  is  nine  feet 
six  inches.  Thus  the  extent  of  cable  damage 
that  would  occur  beyond  that  distance  in  the 
UL  910  test  would  not  be  known  by  conducting 
the  test  in  the  Mini-Tunnel.  Again  this 
applies  only  to  the  cables  that  fail  the  test. 

3.  Furthermore,  due  to  the  shorter  length  of  the 
Mini-Tunnel,  the  exhaust  gases  will  leave  the 
tunnel  at  a  higher  temperature  than  the  gases 
from  a  full  scale  tunnel  test.  For  this 
reason,  the  smoke  detection  device  needs  to  be 
cooled  during  the  test  and  for  some  time  after 
the  test. 

4.  The  Mini-Tunnel  has  not  been  calibrated  yet  to 
generate  the  same  value  for  the  average  smoke 
density  obtained  by  conducting  the  UL  910 
test . 

5.  The  Mini-Tunnel  test  can  only  be  used  for 
screening  the  cables  prior  to  testing  them  per 
UL  910.  For  approval  purposes,  they  must  pass 
the  UL  Standard  910  test  carried  out  by  an 
independent  laboratory 

Nevertheless,  the  experience  of  conducting  tests 
in  the  Mini-Tunnel  and  the  UL  910  Tunnel  would 
lead  one  to  the  conclusion  that  the  advantages  of 
using  the  Mini-Tunnel  far  outweigh  its 
1 imi tat  ions. 


CONCLUSIONS 

The  Mini-Tunnel  is  a  useful  device  to  screen 
communications  cables  before  testing  them  in  the 
UL  910  Tunnel.  The  results  for  the  maximum  flame 
spread  distance  and  the  peak  optical  density 
obtained  using  the  Mini-Tunnel  test  are 
reproducible.  The  test  data  satisfactorily 
simulates  the  data  obtained  using  the  UL  Standard 
910  test. 


The  Mini-Tunnel  is  smaller  than  the  UL  910  Tunnel. 
Due  to  its  smaller  size,  it  is  suitable  for 
in-house  installation  for  companies  interested  in 
conducting  similar  tests.  By  using  it  in-house, 
it  is  possible  to  do  as  many  iterations,  as  often 
as  necessary,  for  cable  design  and  development 
work.  Furthermore,  the  Mini-Tunnel  test  requires 
less  cable  for  testing  purposes.  This  is  a  boon 
for  the  research  and  development  work.  Also,  it 
is  less  expensive  and  less  cumbersome  to  conduct 
tests  in  the  Mini-Tunnel  than  in  the  UL  910 
Tunnel . 
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The  first  section  is  a  12-foot-long  horizontal 
duct  with  approximately  square  lateral  dimensions. 
Within  this  duct  is  a  test  chamber  or  tunnel  lined 
with  heat-resistant  bricks  at  the  bottom  and  two 
sides.  Tbo  front  side  of  the  tunnel  is  provided 
with  a  row  of  double-pane  pressure- tight  glass 
windows  through  which  the  entire  length  of  the 
cable  being  tested  can  be  observed  for  the 
distance  of  flame  propagation.  A  single  burner 
acts  as  the  flame  and  heat  flux  source.  A 
horizontal  ladder-type  tray  with  adjustable  height 
supports  is  provided  for  placing  cable  samples 
during  the  test.  The  top  of  the  tunnel  is 
effectively  sealed  whenever  desired,  by  placing 
removable,  high- temperature-resis tan t ,  mineral 
composition  boards  over  the  entire  length  of  the 
tunnel,  and  by  closing  a  heavy  metal  lid  over 
them.  Thermocouples  are  installed  in  the  tunnel 
to  measure  temperature  1/8-inch  below  the  floor 
surface,  and  temperature  of  the  air  exiting  the 
fire-chamber.  Devices  to  regulate  the  pressure  and 
the  flow  of  natural  gas,  and  the  electronic 
ignition  system  for  the  gas  burner,  are  placed 
close  to  the  first  section. 

The  second  section  of  the  Mini-Tunnel  consists  of 
a  square- to-round  tubular  section,  provided  with 
smoke  detection  and  manual  air  flow  control 
devices.  The  smoke  detection  device  feeds  the 
test  data  to  a  computer  for  continuous  recording 
and  analysis.  As  for  the  UL  910  test,  the 
computer  samples  data  points  at  lb  second 
intervals,  and  computes  the  maximum  and  the 
average  smoke  density  values  from  these  points. 
The  test  report  is  issued  by  the  computer  through 
a  printer  within  a  few  seconds  after  the  test  is 
completed . 

The  third  section  of  the  Mini-Tunnel  has  a  draft- 
inducing  system,  an  exhaust  system  and  a  static 
pressure  indicator  device. 

The  three  sections  of  the  Mini-Tunnel  are 
assembled  as  a  single  unit  by  making  all 
connections  pressure  tight.  The  total  length  of 
the  Mini-Tunnel  is  less  than  24  feet. 


TEST  METHOD 

To  check  the  validity  of  the  data  that  are 
obtained  by  testing  cables  in  the  Mini-Tunnel, 
frequent  calibration  of  the  tunnel  by  burning 
cables  that  were  tested  per  UL  Standard  910  by  an 
independent  laboratory  is  necessary. 

The  tunnel  is  cleaned  and  pre-heated  until  the 
floor  surface  reaches  at  least  150  °F.  Then  it  is 
allowed  to  cool.  When  the  surface  temperature 
reaches  110  °F  ♦  5  "F,  the  tunnel  is  opened  to 
introduce  the  calibration  cables  or  the  test  cable 
samples.  Nine  and  1/2-foot-long  cable  samples  are 
laid  parallel  and  close  to  each  other  to  fill  the 
5-1/4  inch  wide  tray.  (Figure  3)  In  order  to 
minimize  the  movement  of  cables  during  the  test, 
they  are  fastened  in  place  to  three  or  four  rungs 
using  No. 22  AWG  Copper  wires.  Then  the  tunnel  is 
properly  closed,  and  the  smoke  detection  device  is 


adjusted  to  the  zero  reading.  The  air  flow 
through  the  tunnel  is  also  adjusted  to  the  proper 
level. 


Figure  3:  Installation  ot  Cable  Samples  For  Testing 


Rack 


To  start  the  test,  the  natural  gas  is  ignited  and 
the  computer  is  switched  on  to  begin  collecting 
data  points  for  smoke  density  values.  The  air 
flow  through  the  tunnel  is  maintained  constantly 
at  the  initial  level  throughout  the  20  minute 
duration  of  the  test.  The  flame  propagation 
distance  is  measured  visually  through  the 
observation  windows  described  earlier.  Only  the 
maximum  value  for  the  flame  propagation  distance 
is  recorded.  The  temperature  of  the  air  within 
the  tunnel  is  also  monitored.  The  maximum  value 
of  the  temperature  is  recorded  on  the  test  report 
print-out  issued  by  the  computer. 

If  the  temperature  of  air  within  the  tunnel  rises 
above  1100  *F  during  the  test,  or  if  the  cable 
sample  produces  excessive  smoke,  the  test  is 
terminated.  This  is  done  to  prevent  damage  by 
high  temperatures  to  the  tunnel  and  the  measuring 
devices,  and  to  stop  unnecessary  pollution  of  the 
environment  with  high  levels  of  smoke. 


ADVANTAGES 

The  Mini-Tunnel  offers  several  advantages  over  the 

UL  910  test.  They  are: 

1.  The  Mini-Tunnel  test  can  be  conducted 
in-house.  One  can  conduct  as  many  tests  as 
often  as  needed,  even  on  short  notice.  It 
enhances  one's  ability  to  do  as  many 
iterations,  as  often  as  necessary,  for  cable 
design  and  development  work. 

2.  The  Mini -Tunnel  can  be  used  first  to  screen  or 
proof-test  experimental  cables,  and  then  send 
to  the  independent  laboratories  for  testing  in 
the  UL  910  tunnel  only  those  cables  which  have 
the  potential  of  passing  the  test. 

3.  In  the  Mini-Tunnel  test,  approximately 
one-fifth  as  much  cable  is  burned  per  test  as 
in  the  UL  910  test.  For  some  experimental 
cables  this  is  of  great  value. 

4.  Less  fuel  is  required  to  pre-heat  the  tunnel 
and  to  conduct  the  test,  and  less  time  is 
needed  to  cool  the  tunnel  after  the  test.  The 
fuel  used  is  natural  gas. 
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Figure  1: 

Dimensional  Comparison  Of  The 

Mlnl-Tunnel  &  The  UL  910  Tunnel 

MINMUNNEL  _  UL  »10 _ 

1  1 

DUCT  LENGTH 

1  1 

FIRE  CHAMBER 

LENGTH 

CABLE  RACK 

-  , 

For  developing  the  Mini-Tunnel,  the  following 

objectives  were  established: 

1.  To  design  a  reduced  -  scale  test  that  gives 
flame  propagation  and  maximum  optical  density 
values  approximately  the  same  as  those 
obtained  by  testing  per  UL  Standard  910. 

2.  To  design  a  test  for  in-house  use  so  that  as 
many  developmental  cables  as  necessary  can  be 
tested  within  short  notice. 

3.  To  design  a  test  which  would  use  less  cable 

for  testing. 

4.  To  design  a  test  which  would  use  a  smaller 

laboratory  floor  space. 

5.  To  design  a  test  which  could  be  conducted  by 
two  people. 

6.  To  design  a  test  which  would  consume  less 

fuel. 

7.  To  design  a  test  which  would  reduce 
environmental  pollution. 

After  many  trials  and  errors,  satisfactory 

correlation  between  the  results  of  Mini-Tunnel  and 

UL  910  tests  was  established.  (Table  2) 


Tabic  2 

COHPARISON  OF  THE  RESULTS  OF 
UL  STANDARD  910  AND  HINI -TUNNEL  TESTS 


CABLE  CRITERIA 

UL  STANDARD  910 

MINI -TUNNEL 

A  Maximum  Plane  Spread 

3' 

3.5' 

3' 

3' 

Optical  Density,  Peak 

0.08 

0.05 

0.05 

0.04 

B  Maximum  Flame  Spread 

3  1/2' 

4' 

3' 

4  1/2' 

Optical  Density,  Peak 

0.18 

0.20 

0.15 

0.17 

C  Maximum  Flame  Spread 

3' 

3' 

3' 

Optical  Density,  Peak 

0.29 

0.  30 

0.35 

D  Maximum  Flame  Spread 

3’ 

3' 

3' 

3' 

Optical  Density,  Peak 

0.30 

0.35 

0.39 

0.30 

E  Maximum  Flame  Spread 

3  1/2' 

3  1/2' 

4' 

3  1/2' 

Optical  Density,  Peak 

0.40 

0.36 

0.35 

0.38 

F  Maximum  Flame  Spread 

3' 

4  1/2' 

3.5' 

4* 

Optical  Density,  Peak 

0.53 

0.58 

0.60 

0.55 

G  Maximum  Flame  Spread 

6.7' 

- - : 

Optical  Density,  Peak 

1.828 

1.8 

H  Maximum  Flame  Sptead 

6.1' 

Optical  Density ,  Peak 

2.0 

“  A 

MINI-TUNNEL  DESIGN 


The  Mini-Tunnel  is  assembled  from  three  sections 
(Figure  2): 
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Summary 

An  evaluation  of  cable  smoke  toxicity 
under  actual  fire  conditions  has  been 
undertaken  in  an  attempt  to  provide  a 
basis  for  comparison  of  cable  smoke 
toxicity,  as  measured  in  the  laboratory, 
with  that  of  smoke  generated  by  actual 
cable  fires.  A  versatile  and  rugged 
system  has  been  designed  and 
demonstrated,  in  a  series  of  full  scale 
fire  experiments,  to  provide  an  effective 
method  for  the  exposure  of  a  significant 
quantity  (up  to  30kg,  or  66  lbs.)  of 
cable  to  a  large  developing  (1  megawatt) 
room  fire,  sampling  the  fire  environment 
for  chemical  analysis  of  combustion 
generated  fire  gases,  and  then  cooling 
the  smoke  to  a  temperature  suitable  for 
assessing  its  toxic  affects  on  laboratory 
animals.  By  varying  the  amount  of  cable 
burned  and  dilution  rates  of  the  smoke 
into  the  chambers,  this  procedure  allows 
the  estimation  of  the  lethal  smoke  dose 
for  cable  insulation  materials. 


I.  Introduction 

In  the  past  few  years,  attention 
has  increasingly  been  focused  upon  the 
fire  properties  of  wire  and  cables,  as 
these  materials  find  new  and 
specialized  uses  and  as  the  demand  for 
electronically  based  control  and 
communication  systems  continues  to 
proliferate.  Ironically,  as  the  fire 
properties  of  modern  cables  improve, 
there  is  a  reduced  likelihood  of 
encountering  a  fire  where  the  cable 
alone  is  the  principle  fuel.  For  that 
reason,  modern  fire  hazard  analysis 
must  address  the  contribution  of  the 
cable  in  the  real-fire  scenarios  in 
which  it  is  likely  to  be  involved. 
This  concern  has  prompted  the 
publication  of  several  papers  dealing 
with  the  overall  fire  hazard  of  cables 
(1).  Hazard  assessment  is  often 
concerned  with  identifying  and 
quantifying  all  the  cable  flammability 


factors  which  go  into  producing  smoke, 
but  also  relies  upon  appropriate 
measures  of  the  toxic  potency  of  the 
smoke  in  order  to  determine  the  actual 
hazard  posed  under  in-use  conditions. 
As  a  rule,  one  of  several  small  scale 
tests  is  used  to  measure  the  toxic 
potency  of  the  smoke  in  the  laboratory 
(2)  ;  this  measurement  is  always  assumed 
to  reflect  the  toxicity  of  the  smoke 
from  the  same  product  when  burned  under 
actual  fire  conditions. 

A  real  fire  is  likely  to  encounter 
a  variety  of  fuel  sources,  ventilation 
conditions,  and  heat  transfer 
parameters  during  the  course  of 
burning.  Small  scale  tests  necessarily 
fix  all  of  these  parameters,  so  the 
best  that  can  be  expected  of  such 
results  is  an  indication  of  the  smoke 
toxicity  at  full  scale.  Earlier  work 
has  shown  that,  for  some  materials,  the 
burning  conditions  themselves  can  have 
a  profound  effect  upon  the  toxicity  of 
the  smoke  (3,4).  These  observations, 
as  well  as  the  increasing  recognition 
that  smoke  toxicity  is  often  an 
important,  but  seldom  the  controlling, 
component  of  fire  hazard,  have  prompted 
us  to  attempt  to  measure  the  toxicity 
of  smoke  from  cables  when  the  cables 
are  burned  under  something 
approximating  real,  full-scale 
conditions . 

The  barriers  to  such  an  undertaking 
are  formidable,  since  a  number  of 
difficulties  are  encountered  at  full 
scale  which  are  not  encountered  in 
small-scale  laboratory  tests.  Chief 
among  these  are:  1)  the  intense  heat 
generated  by  a  large  fire  must  be 
removed  from  the  smoke  before  its 
exposure  to  laboratory  animals, 
otherwise  the  heat  effects  will  mask 
any  toxic  affect  of  the  smoke;  2) 
traditional  methods  of  heat  exchange  to 
cool  the  smoke  are  usually 
inappropriate  because  the  smoke 
contains  gases,  solids,  and  aerosols, 
the  latter  two  of  which  are  subject  to 
condensation  or  removal  from  the  smoke 
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stream  if  it  is  cooled  by  conductive 
methods;  3)  methods  must  be  found  to 
control  the  dosage  of  smoke  reaching 
the  animals,  since  toxicity 
measurements  require  that  dose-response 
relationship  be  determined;  4)  the 
usual  problems  of  measuring 
temperature,  ventilation,  mass  loss, 
and  smoke  components  are  more  in  full 
scale  fire  experiments. 

This  paper  reports  the  design, 
construction  and  employment  of  a  full 
scale  experimental  regimen  to  measure 
the  toxic  potency  of  smoke  from 
cables.  How  each  of  these  barriers  was 
dealt  with  is  described  in  the 
following  sections. 

II.  Design  of  the  Full  Scale  Test 
System 

A  diagram  of  the  overall  test  setup 
is  presented  in  Figure  1.  It  consists 
of  three  main  elements. 

1 .  Burn  Room 

The  room  in  which  the  fire  took 
place,  and  the  cable  bed  was  exposed, 
was  a  4  x  5  x  3m  compartment,  lined 
with  Type  X  gypsum  1.25cm  [1/2  inch] 
thick.  The  floor  was  concrete.  The 
doorway  to  the  room,  centered  upon  one 
wall  was  of  normal  (2m)  height;  the 
width  could  be  varied  to  obtain  various 
ventilation  conditions.  The  source 
fire,  either  a  wood  crib  or  pans  of 
diesel  fuel,  were  placed  in  the  middle 
of  the  room  on  the  platform  of  a  large 
load  cell,  which  permitted  the  weight 
loss  of  the  fuel  to  be  followed  during 
the  course  of  the  fire.  The  cable,  in 
2m  lengths,  was  contained  in  an  open 
steel  pan,  suspended  from  the  ceiling 
of  the  room,  approximately  l/2m  below 
the  ceiling,  directly  over  the  source 
fire.  The  cable  pan  was  connected  to  a 
separate  load  cell,  so  that  its  weight 
loss  could  be  followed  as  well  during 
the  course  of  the  fire.  The  cable  pan 
differed  from  conventional  cable  trays 
in  that  its  bottom  was  a  solid  sheet, 
which  allowed  any  cable  insulation 
which  melted  away  from  the  wires  to  be 
contained,  rather  than  dripping  down 
onto  the  fire  or  the  floor.  This 
ensured  that  the  cable  insulation  and 
jacket  would  continue  to  be  subjected 
to  the  fire's  heat  flux  during  the 
experiment  and  that  observed  weight 
loss  of  the  cables  was  due  to  burning, 
not  melting.  The  work  undertaken  to 
date  has  been  on  high  performance,  low 
combustibility,  cables  and  a  relatively 
large  fire  was  therefore  required  in 
order  to  produce  the  high  temperatures 
necessary  to  decompose  the  cable 


insulation.  In  the  studies  to  date, 
approximately  100  kg  (220  lbs.)  of 
wood,  or  a  pan  containing  an 
energetically  equivalent  amount  of 
diesel  fuel,  was  used. 

2 .  The  Smoke  Corridor 

A  corridor  approximately  10m  long 
and  1.5m  wide  was  connected  to  the  burn 
room  as  shown  in  Figure  1.  Because  of 
space  limitations,  this  corridor  was 
not  a  straight  run,  but  bent  back  upon 
itself  at  180"  to  give  it  two  legs 
of  approximately  5m  each.  The  ceiling 
and  the  walls  of  the  corridor  were  also 
faced  with  Type  X  gypsum  board  to  a 
distance  of  approximately  3m  from  the 
door  of  the  room.  The  remaining  length 
of  the  corridor  was  surfaced  with 
concrete  masonry  blocks.  A  partition, 
approximately  2m  in  height,  was 
installed  at  the  end  of  the  corridor 
just  prior  to  its  exit  into  the  smoke 
collection  hood.  This  was  done  to 
eliminate  bidirectional  flow  in  the 
corridor,  which  would  dilute  the  smoke 
by  air  entrainment  and  reduce  the 
concentration  of  the  smoke  which  could 
be  introduced  into  the  animal  exposure 
chambers.  Ventilation  for  the  fire  was 
supplied  by  a  lm  x  2m  opening  at  the 
end  of  the  corridor  adjacent  to  the 
door  of  the  burn  room.  Preliminary 
experiments  showed  that  a  vent  of  this 
height  was  low  enough  to  prevent  smoke 
escape  through  the  vent,  yet  high 
enough  to  provide  acceptable 
ventilation  to  the  fire. 

it.  Smoke  Collection  and  Animal 

Exposure  System 

Smoke  to  which  the  animals  were  to 
be  exposed  was  withdrawn  from  the 
corridor  just  prior  to  its  exit  into 
the  smoke  collection  system,  as  shown 
in  Figure  1.  The  smoke  collection 
system  consisted  of  a  5cm  stainless 
steel  pipe,  which  protruded  through  the 
side  of  the  corridor  wall  into  the 
corridor,  and  to  which  was  connected  a 
manifold  containing  three  animal 
exposure  chambers.  After  removal  from 
the  corridor,  the  smoke  was  cooled  by 
the  introduction  of  a  stream  of 
chilled  air  (0-5’C).  The  amount 
of  air  blended  into  the  smoke  was 
determined  by  that  required  to  lower 
the  smoke  temperature  in  the  upper  part 
of  the  manifold  to  below  60'C. 

The  smoke  was  then  pulled  through 
one  of  three  animal  exposure  chambers, 
each  of  which  was  equipped  with 
additional  air  bleeds.  These  air 
bleeds  served  two  purposes:  first,  to 
cool  the  smoke  further  to  maintain 
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continually  temperatures  of  40'C  or 
less  in  the  animal  exposure  chambers; 
second,  to  permit  further  dilution, 
thus  providing  control  over  the  smoke 
concentration.  As  a  rule,  two  chambers 
were  used.  One  of  them  was  maintained 
as  close  as  possible  to  the  original 
diluted  smoke  concentration  as  it  came 
from  the  manifold. 

The  second  chamber  was  operated  at 
approximately  1/2  the  smoke 
concentration  of  the  first.  The  third 
chamber  could  be  operated  either  at 
greater  dilution  or  could  be  sealed  off 
during  the  course  of  the  experiment  so 
that  the  smoke  it  contained  could  be 
trapped.  This  permitted  one  to  carry 
out  a  "static"  exposure  of  the  animals 
for  comparison  to  the  other  two 
chambers  in  which  a  "dynamic",  or 
continuous  flow,  mode  of  exposure  was 
followed.  A  schematic  of  the  smoke 
manifold  and  dilution  system  is 
presented  in  Figure  2. 

The  animal  exposure  chambers 
themselves  were  constructed  of 
stainless  steel,  which  had  been  coated 
on  the  inside  with  polytetrafluoro- 
ethylene.  The  chamber  volume  was  175 
liters.  A  drawing  of  the  animal 
chambers  used  is  presented  as  Figure 
3.  Each  chamber  contained  10  exposure 
ports,  into  which  were  introduced 
holders  suitable  for  the  confinement  of 
a  Sprague-Dawley  rat.  The  laboratory 
animals  were  exposed  to  the  smoke  in  a 
nose-only  position,  in  accord  with  most 
small  scale  smoke  toxicity  test 
protocols.  Each  animal  chamber  was 
monitored  for  temperature,  and  fitted 
with  a  collection  port  from  which 
samples  of  the  atmosphere  in  the 
chamber  could  be  withdrawn.  Finally, 
the  oxygen,  carbon  dioxide,  and  carbon 
monoxide  concentrations  in  the  chambers 
were  monitored  continuously.  Flow  from 
the  manifold  through  the  chambers  was 
driven  by  a  large  high  capacity  fan 
which  maintained  the  system  at  a  slight 
negative  pressure  relative  to  that  of 
the  core.  The  exhaust  from  the  fan  was 
returned  to  the  smoke  collection 
system. 

li  iPStrMmentqtion 

Temperature  and  flow  measurements 
were  made  throughout  the  system.  Table 
1  describes  the  smoke  analysis  which 
was  carried  out  both  in  the  corridor 
and  in  the  chamber.  Each  chamber,  and 
one  collection  port  in  the  corridor 
itself,  was  fitted  with  a  standard 
stainless  steel  taper  joint  to  which 
could  be  attached  a  gas  sample 
collection  flask.  These  flasks  had  a 


volume  of  approximately  0.5  liters  and 
were  evacuated  prior  to  the  start  of 
the  experiment.  Each  flask  contained 
50ml  of  0.1  molar  sodium  hydroxide.  At 
appropriate  intervals  during  the  fire, 
a  smoke  collection  flask  was  attached 
to  the  standard  taper  port,  a  volume  of 
smoke  was  drawn  into  the  flask,  and  the 
flask  was  shaken.  The  aqueous  phase  in 
the  flask  contained  the  smoke 
components  which  were  either  water 
soluble  or  hydrolyzable,  and  the  gas 
phase  above  contained  the  other  gaseous 
components.  This  procedure,  in 
conjunction  with  the  instrumental 
analyses  of  carbon  oxides  and  oxygen  in 
the  chambers  and  the  corridor,  provided 
the  means  for  a  relatively  complete 
accounting  of  the  smoke  and  mass 
balance  coming  from  the  fire. 

5 .  Animal  Studies 

Animals  were  exposed  to  the  smoke 
for  approximately  30  minutes. 
Temperature  in  the  animal  chambers  was 
maintained  at  or  below  40*C,  as 
previously  described.  Animals  were 
observed  during  the  course  of  the  fire 
for  any  anomalous  affects.  Following 
exposure,  four  of  the  animals  were 
sacrificed  for  ca r boxy hemog 1 ob i n 
determinations  on  their  blood  and  the 
remaining  six  were  used  as  a  basis  for 
mortality  studies.  Animals  which  had 
survived  the  smoke  exposure  itself  were 
retained  for  fourteen  days  of 
observation.  Their  appearance, 
pathology,  and  weight  gain  were 
monitored  over  that  time. 

III.  Results  and  Discussion 

A  typical  weight  loss  curve  for  the 
wood  crib  and  the  cable  bed  is 
presented  in  Figure  4.  As  can  be  seen, 
cable  decomposition  lags  initial  fire 
buildup  by  several  minutes  and  did  not 
become  significant  until  10  to  15 
minutes  into  the  burn.  For  the  cables 
tested,  weight  loss  was  relatively 
rapid  and  proceeded  smoothly  once  high 
temperatures  in  the  burn  room  had  been 
reached . 

Other  workers  have  shown  that, 
where  halogenated  cable  materials  are 
burned,  a  sizable  fraction  of  the 
expected  hydrogen  halides  can  be  lost 
on  the  walls  of  the  burn  room  and  the 
smoke  corridor  (5) .  In  the  experiments 
carried  out  here,  approximately  40%  of 
the  cable  mass,  as  determined  by 
analysis  of  the  smoke,  was  transported 
down  the  corridor  to  the  vicinity  of 
the  manifold  to  the  animal  exposure 
chamber.  Some  material  was  then  lost 
in  the  sojourn  from  the  corridor 
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through  the  exposure  chambers,  but 
overall  approximately  30%  of  the  smoke 
produced  in  the  room,  as  measured  by 
the  weight  loss  of  the  cable  tray,  is 
accounted  for  in  the  animal  exposure 
chambers . 

One  might  expect  that,  as  the  walls 
of  the  corridor  are  heated  during  the 
course  of  the  burn,  material  initially 
deposited  on  the  relatively  cool  walls 
would  be  revolatilized  into  the  smoke 
stream.  This  does  not  seem  to  be  an 
important  mechanism  in  the  present 
studies,  however,  as  can  be  seen  by 
examination  of  Figure  5  in  which  the 
maximum  amount  of  material  detected  in 
the  chambers  occurs  within  a  few 
minutes  of  the  time  when  the  maximum 
rate  of  weight  loss  is  observed  in  the 
burn  room.  Allowing  for  a  sojourn  time 
of  several  minutes  down  the  corridor, 
r  e  v  o  1  a  t  i  1  i  z  a  t  i  o  n  of  the  smoke 
components  collected  in  the  corridor 
does  not  seem  to  be  significant. 

This  experimental  arrangement  has 
now  been  used  to  obtain  the  toxic 
potency  (LC50  or  L(Ct)50)  of  cable 
materials  under  full  scale  conditions. 
The  actual  results  of  these  studies 
will  be  presented  elsewhere  (6). 
Experiments  to  date  have  focused  upon 
f luoropolymer  materials,  which  contain 
large  amounts  of  halogens  and  are 
therefore  subject  to  losses  in  the  burn 
room  and  corridor  as  discussed  above. 
This  replicates  what  will  occur  in  an 
actual  fire  incident,  and  the  approach 
therefore  characterizes  what  really 
happens  to  the  smoke  of  such 
materials.  The  methodology  will  be 
equally  suitable  to  the  study  of  cable 
smoke  from  other  kinds  of  constructions 
and  for  a  wide  range  of  end-use 
scenarios . 

Although  the  focus  of  this 
presentation  has  been  on  an 
experimental  system  and  design  to 
determine  the  toxic  potency  of  smoke 
from  full-scale  fires  it  is  not  a 
hazard  assessment  because  it  does  not 
take  into  account  the  other  fire 
threats,  such  as  temperature,  oxygen 
depletion,  and  the  toxic  effects  of  the 
wood  fire.  Because  of  the  large  fire 
source  required  to  involve  the  cable 
used  in  these  tests,  even  locales 
distant  from  the  room  of  fire  origin 
were  untenable  because  of  temperature 
and  depleted  oxygen. 

The  test  facility  and  the  test 
regimen  are  well-suited  to  the 
determination  of  a  detailed  fire  hazard 
assessment,  which  will  be  the  subject 
of  subsequent  presentations. 
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Optical  fiber  cable  with  submersion  sensor  fiber 
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Fujikura  Ltd.  1  440  .‘lutsuzaki,  Sakura,  Chiba,  Japan 


ABSTRACT 

A  cable  monitoring  system,  which  uses 
an  optical  fiber,  has  been  developed. 
The  feature  of  this  system  is  to  monitor 
an  attenuation  distribution  of  an  optical 
fiber  all  along  a  transmission  network. 
An  attenuation  change  of  a  network  is 
detected  by  an  optical  time  domain 
ref lectometry  ( OTDR )  to  locate  fault 
points  of  a  network.  This  system  uses 
optical  fiber  as  a  sensor,  so  this  system 
can  be  applied  to  also  non-metallie 
optical  fiber  cable  network.. 


by  analyzing  the  attenuation  data  from 
OTDR.  Generally,  the  network  is  composed 
of  many  transmission  lines.  In  this 
case  the  optical  line  selector  is  useful 
to  monitor  many  transmission  lines  by  one 
monitoring  system. 

Fig.1  shows  the  typical  scheme  of  the 
system.  In  this  system,  a  submersion 
sensor  fiber  is  stranded  in  a  cable  and  a 
submersion  sensor  is  equipped  in  every 
splice  closure.  Scanning  all  the 
transmission  lines,  the  attenuation  data 
from  each  line  are  collected  and  analyzed 
to  inform  the  line  status  to  the  control 
center . 


1 . Introduction 

It  is  necessary  to  protect  elements 
of  a  transmission  network,  such  as  cable, 
splice  closure,  from  water  penetration  to 
keep  high  reliability  of  a  transmission 
network. 1)  Generally,  a  transmission 
network  is  maintained  by  gas  pressurized 
system  or  fully  filled  system.  However,  an 
optical  fiber  cable  is  often  required  to 
be  free  from  an  electromagnetic  influence, 
so  that  this  type  of  optical  cable  is 
designed  as  the  metal  free  cable.  By  the 
way,  gas  pressurized  system  is  hard  to  be 
applied  to  metal  free  cable  system.  Go  in 
this  case,  there  was  no  way  to  locate  the 
fault  points. 

To  solve  this  problem,  a  new  cable 
monitoring  system  in  which  optical  fiber 
works  itself  as  the  submersion  sensor  is 
proposed.  The  characteristics  of  the 
equipments  and  the  system  is  discussed. 


Fig.l  Scheme  of  the  system 


3 . Sensors 


2. Design  concept 


3 - 1 . Submersion  sensor 


As  well  known,  a  cable  monitorinq 
system  is  composed  of  sensors,  analyzing 
equipments  and  alarm  system.  In  the  newly 
developed  system,  the  fundamental  system 
configuration  is  similar  to  conventional 
one.  The  different  point  is  that  the 
optical  fiber  is  used  as  a  sensor.  The 
attenuation  of  the  optical  fiber  in  the 
network  is  continuously  monitored  by  OTDR. 
Therefore  if  the  network  is  damaged  at 
somewhere,  the  fault  points  can  be  .located 


A  typ^  of  submersion  sensor  is 
illustrated  in  Fig. 2.  This  sensor  is 
composed  of  four  essential  elements. 
These  are  two  fixed  mandrel  with  small 
diameter,  free  piston  with  small  mandrel 
at  one  side  and  water  swellable  material 
at  the  other  side,  and  an  optical  fiber 
fed  through  three  small  mandrels.  This 
submersion  sensor  is  equipped  in  a  splice 
closure.  When  water  breaks  into  a  splice 
closure,  the  water  swellable  material  in 
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mandrel 
optical  fiber 
piston 

water  swellabie 
material 


Fig.  2  Sketch  of  the  submersion  sensor 


the  sensor  reacts  on  water  to  expand  and 
free  piston  with  a  mandrel  moves  toward 
two  fixed  mandrels.  As  a  result,  the 
optical  attenuation  of  the  fiber,  which  is 
fed  through  three  mandrels,  increases.  In 
designing  the  sensor,  the  attenuation 
increase  is  an  important  factor.  because 
small  attenuation  increase  makes  it 
difficult  to  detect  a  water  immersion. 
3ut  also  large  attenuation  increase  makes 
it  difficult  to  detect  another  water 
immersion  beyond  it  due  to  restriction  of 
dynamic  range  of  oras.  The  attenuation 
increase  is  determined  by  the  radius  of 
the  two  mandrels  in  the  sensor.  Fig.  3 
shows  the  relation  between  the  attenuation 
increase  and  the  radius  of  mandrel. 


Fig. 3  Relation  between  attenuation 

increase  and  radius  of  mandrel 


3-2 . Submersion  sensor  fiber 

Fig.  4  shov/s  the  submersion  filler 
sensor.  This  sensor  fiber  is  composed  of 
a  standard  multi-mode  fiber,  a  FRP  rod 
coated  with  water  swellabie  material  and  a 
string  with  high  Young's  modulus.  The 
optical  fiber  is  wound  on  a  coated  FRP  rod 
and  a  string  is  cross-wound  on  it.  The 


water  swellabie  material 


aramid  yarn 


Fig. 4  Sketch  of  the  submersion  finer 
sensor 


octical 


■  tending 

water  swellabie  material 


Fig. 5  decaanism  of  attenuation 
increase  of  sensor  finer 


mechanism  of  attenuation  increase  of  tnis 
fiber  is  illustrated  in  Fig. 5.  If  this 
fiber  sensor  is  subjected  to  water,  the 
water  swellabie  material  coated  on  FTP  rod 
intends  to  expand  three- i inensiona 1 1 y ,  as 
a  result,  big  undulation  happens  on  this 
fiber  and  the  optical  attenuation 
increases  at  the  cross  points  of  the  fiber 
and  tin*  string.  This  attenuation  increase 
oopen  .5  on  the  lay  length  of  the  high 
modulus  strinu.  The  relation  between  the 
attenuation  increase  and  the  lay  length  of 
tin.*  high  modulus  string  is  shown,  in  Pig. 6. 


Fig. 6  Relation  between  attenuation  and 
stranding  lay  length  ot  strum 
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3-3. Water  swellable  material 


The  water  swellable  material,  which 
is  used  in  sensors,  is  composed  of 
thermoplastic  rubber,  water  swellable 
polymer  and  others.  Table  1  shows  the 
water  absorptive  power  and  tensile 
properties  of  the  water  swellable 
material.  It  was  confirmed  that  the  water 
swellable  material  was  stable  against 
temperature  and  humidity. 


4. Reliability  of  the  system 


E 

X 


IS 

•a 


l.oF 


0.5 


fiber  stranding 

sensor  sheath 

fiber 


The  followings  are  the  investigation 
results  of  the  attenuation  stability  and 
the  operation  reliability  of  the  system 
under  various  environmental  conditions. 

4-1 .Attenuation  in  cable  manufacturing 
process  '  ""  "  '  ~ 

Fig. 7  shows  the  cross-section  of  the 
examined  cable.  This  cable  is  a  non- 
metallic  slot  type  cable  using  optical 
fiber  ribbons.  A  submersion  sensor  fiber 
is  stranded  in  a  slot.  At  each  cable 
manufacturing  process,  the  attenuation  was 
measured.  The  result  is  shown  in  Fig. 8. 
The  attenuation  changes  of  each 
manufacturing  process  were  less  than  0.1 
d2/km. 


manuf acturing  process 

Fig. 8  Attenuation  of  submersion  fiber 
sensor  in  cable  manufacturing 


4-2. Mechanical  properties  of  the 
subnersion  sensor  fiber  in  the  cable 

The  mechanical  properties  of  the 
subnersion  sensor  fiber  in  the  cable  was 
investigated.  The  test  conditions  and  the 
results  are  shown  in  Table  2. 

The  attenuation  change  was  within 
0.01  dB/1  (1  is  the  length  of  the  cable 
under  test)  in  each  mechanical  condition. 


TaMe  2  Mechanical  properties  ot  the  submet  s  ion  sensor  fiber 
in  optical  cal, !  e 


submers ion 


5  fiber  r i bbon 
s 1 oi t  ed  core 


Fig. 7  Cross-sectional  structure  of 
cable 
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Table  1  Cha ractor i s t i cs  of  the  water  swellable  material 
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4-3. Stability  of  the  submersion  sensor 
fiber  under  high  humidity  arid  temperature 
change 

A  installed  cable  is  affected  by 
humidity  and  temperature  change.  It  is 
known  that  the  strength  of  the  optical 
fiber  become  weak  under  high  humidity. 
The  tensile  characteristics  of  the  fiber 
was  investigated  compared  to  standard 
fiber.  Fig. 9  shows  the  results  of  failure 
probability  distributions  for  tensile 
strength.  The  degradation  of  fiber 
strength  arose  after  humidity  treatment. 
3ut  the  difference  of  strength  degradation 
between  the  f.ber  used  in  sensor  and 
standard  fiber  was  scarcely  observed. 


Fig. 9  Weibull  probability  plot  of  fibers 


Fig. '0  shows 

characteristics  of 
attenuation  change  was 
for  the  tenner a t  a  re 
♦  500. 


the  temper  it u re 
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less  than  J.ldp./kn 
Change  nf  -39C  to 


T c.t  pe  r  a  t  u  r  e  i  C , 

Fig. 10  Temperature  dependence  of 
submersion  sensor  fiber 


5, Operation  characteristics  of  the 
submersion  sensor  and  sensor  fiber 

5-1 .Temperature  dependence  of  the 
operation  characteristics 

Fig. 11  shows  the  relations  between  the 
attenuation  increase  and  water 

temperature.  The  water  temperature  was 
between  4C  and  60C.  The  attenuations 
began  to  increase  in  30  to  45  minutes  for 
both  the  submersion  sensor  and  the  fiber 
sensor.  The  rising  times  of  the 
attenuation  increases  do  not  depend  uuon 
water  temperature  so  much.  The  saturated 
attenuation  increase  becomes  smaller  as 
temperature  becomes  higher  for  the  fiber 
sensor  (see  Fig.11).  This  is  because  the 
modulus  of  the  water  swollablo  material 
becomes  low  at  higher  temperature.  OTDF 
detection  limit  (about  0.2d(J)  is 
guaranteed  even  for  the  lowest  attenuation 
increase  of  60C. 


n  .  snl  me i  s  uni  senm.i 


Fig. 11  Temperature  lepen  n'.ic  of 
a  t  tenua  lion  l  tier'  •  i 


International  Wire  &  Cable  Symposium  Proceedings  198?  287 


5 -2..'. fleet  of  tho  uater  nature 


The  operation  characteristics  of  the 
subversion  sensor  and  sensor  fiber  were 
examine..  in  five  different  natures  of 
water,  e .  j .  ,  pure  water,  pi i 3  iiCl  au.,  phi  1 
.iaJI:  aq.  ,  11  surface  active  aqent  aq.  and 
practical  manhole  water.  Fi,.12  shows  the 
results.  The  attenuation  increases  reach 
the  sufficient  level  to  be  detected  in 
lonieod  water. 


t. 


'.ave  !  ••fill'  I,  :  i  lnui,„  .  j 
1  ;  .  i 


OTD'I ,  line  selector  and  two  optical  fiber 
lines.  Table  3  shows  the  performance  of 
the  equipments.  Line  1  is  21,100,  meter 
long  concatenated  mu.  i-mode  50/125 
submersion  fiber  sensor  in  which  a 
submersion  sensor  3  is  installed  at  16,600 
meter  point.  Line  2  is  5,800  meter  long, 
which  is  for  the  experimental  purpose  of 
the  line  selector.  The  lines  were 
alternatively  monitored  by  using  the  line 
selector.  The  test  water  is  actual 
manhole  water  and  the  temperature  is  18C. 
i’ij.13  shows  the  attenuation  shape  of  line 
1  before  and  after  immersed  in  water, 
respectively.  At  points  A,  J  and  C,  water 
submersions  were  obviously  detected.  As  a 
result,  it  is  found  that  the  submersion 
fiber  sensor  has  an  ability  to  sense  tne 
damage  along  a  cable  and  that  the 
summers  ion  sensor  senses  tile  damage  of 
cable  splice  closures. 
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h  .Application  test  of  the  cable  non  1  tor  i n<j 
nys t om 

liased  on  above  results,  a  cable 
monitorin'}  system  was  experimentally 
constructed  (See  Fiq.1)  and  the  operation 
characteristics  was  investigated.  This 
system  was  constructed  with  a  rpl>,  CRT, 
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7 . Conclusion 


A  new  cable  monitoring  system  was 
proposed.  In  this  system  the  fault  points 
in  a  transmission  network  are  located  by 
monitoring  the  bending  loss  of  the  optical 
fiber.  The  attenuation  loss  increase  was 
designed  based  on  experimental  result  and 
tiie  reliability  of  the  system  was  assured 
in  various  tests. 

The  newly  developed  cable  monitoring 
system  is  available  not  only  for  ordinary 
optical  cables  but  also  non-.meta  1 1  ic 
optical  cables.  The  introduction  of  this 
system  will  make  change  the  concept  of  the 
maintenance  of  non-metal  1 ic  optical  fiber 
cable  network. 
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OPTICAL  FIBRE  CABLE  FOR  MOBILE  APPLICATION  IN  BROWN  COAL  MINING  AREA 


by  Helmut  G.  Haag,  Georg  Hog  and  Peter  E.  Zamzow 


AEG  KA8EL  Akt lengesel I schaf t 
Monchengladbach,  Federal  Republic  of  Germany 


Abst rac t 

In  the  brown  coal  mining  a^ea  the^e  exists  a 
large  ■'eguirement  for  information  transmission 
tor  steering  and  supervision  of  machinery  and 
transportation  controlled  from  a  central 
station.  The  transmission  with  copper  pairs  and 
power  1 1  ne  carner  telephony  us-d  up  tc  now 
becomes  more  and  more  problematic  by  the 

increase  jf  distances,  electromagnetic 

interference  and  transmission  rates  by  the 

increasing  complexity  o»  the  equipment. 
Therefore  an  optical  transmission  system  for 
telephone,  steering  and  video  jbntr.-l  ling  will 
be  the  fu:ure.  The  contribution  describes  the 
single  components  like  drag  cable,  rotary 
transfer  coupler,  conveyor  rPrtJ  -able  and 

closures  as  well  as  line  equipment  together  wt;n 
the  rP;v.van*  re.U|  rements.  First  experiences  dre 
reported. 

Int  r^juct ion 

UP  to  now.  optical  * it res  and  optical  fibre 
systems  have  teen  put  extensively  in 
telec ommuni c at  i  :ri  networks  where  they  -eplai*-  by 
the i -  high  digital  transmission  rapacity 
existing  copper  lines  .  1- .  /<?/.  But  now  also 

industrial  areas  are  penetrated  by  optical  ‘lire 
transmission  systems.  Here  the  large  bandwidth 
and  low  attenuation  is  only  o*  marginal 
inter,,.,;  ,  put  the  characteristic  of  optical 
*  it  res  being  immune  against  electromagnet ir 
interference  is  the  main  advantage  of  optical 
* i !  rp s  in  comparison  to  copper  systems  or  open 
wire  vys terns  in  industrial  areas.  In  order  to 
avoid  human  danger  by  induced  voltages  from 
neighboured  power  systems  optical  fibre  cables 
mus*  be  dielectric  if  they  are  used  separately. 
This  means  that  all  mechanical  protection  like 
steel  wire  braid  or  steel  tape  armouring  must  be 
achieved  by  dielectric  materials.  On  the  other 
hand  where  optical  fibre  cables  are  incorporated 
in  power  rabies  e.  g.  drag  cables  they  must,  not 
restrict  the  behaviour  of  the  hospitality  cable. 

In  this  contribution  we  describe  optical 
‘ibrf.  cables  which  will  be  necessary  for  d 
transmission  system  which  connects  in  a  brown 
'cal  area  the  digger  with  the  supervision 
st a? ion.  The  use  of  optical  fibre  systems  in 
coal  mining  ureas,  steel  mills  or  with  power 
elector  utilities  are  described  elsewhere  /3/_ 
'4/.  /!>/. 


Total  System 

In  the  brown  coal  mining  area  the  different 
moving  digging  equipment  and  boom  stacker  with 
t.heir  conveyor  roads  must  be  connected  with  the 
supervision  end  steering  centre.  It  is  deseed 
to  transmit  telephone  signals  from  the  team  on 
the  digger  to  the  control  station.  Moreover 
relevant  data  like  location,  capacity  and 
survei 1  lance  condi tions  must  be  transmitted  to 
the  central  station  automatically.  In  some  cases 
it  may  also  be  desirable  to  transmit  a  video 
picture  from  the  off-side  to  the  control 
monitors. 


Fig.  1  :  Opt.  i ra  1 
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datas.  Higher  transmission  rates  ran  only  be 
transmitted  in  using  extended  screening 

measures . 

In  eases  where  a  distance  of  about  1  or  2 
kilometers  must  me  bridged  optical  fibre 
transmission  systems  can  give  the  required 
transmission  capacity  on  an  economic  basis.  Such 
an  optical  fibre  transmission  system  in  a  brown 
coal  mine  (Fig.  1,  2)  consists  of  the 

elect roopt ) cal  transceivers  on  both  sides  of  the 
link  and  the  cables  and  closures  between  them. 
Coming  ‘rom  the  control  cabin  on  the  digger,  a 
mobile  cable  must  be  installed  to  the  drag  cable 
which  connects  the  digger  with  its  power  supply. 
Because  the  control  c.-.hin  is  installed  on  moving 
rarts  o*  the  digging  equipment  not  a  fixed 
installation  of  optical  fibre  cable  is  possible. 
Tnen  in  the  path  of  the  optical  light  to  the 
mining  ccnt'Ol  station  an  optical  fibre  cable 
must  be  incorporated  in  the  drag  cable.  Because 


F i  j .  2:  Bridge  from  the  digger  tc  the 
conveyor  road 

•  f  ‘hr  *  if  t  that  i.mmunii  it  ion  mu  s’  ilss  work  on 
a  m  v l n ;  digging  equipment  the  connect  ion 
be ‘ween  the  mi  tile  cable  on  the  'Jigger  the 

c t r  j  :  able  must  he  a  rotary  ;r,,ng*er  couple’'.  On 
the  farther  path  of  the  light  an  optical  ‘lire 
covey  r  rpad  cable  must  be  installed.  Because 
the  .  onveygr  road  will  he  moved  from  time  to 
time  depending  on  the  digging  progress,  the 

>  t  f  i  c  a  1  fibre  conveyor  mad  cable  must  withstand 
th  so  severe  conditions,  where  in  moving  the 
cables  remain  on  the  conveyer  'ead.  At  the  end 
‘  the  conveyor  rC.,g  the  light  'an  Jr.iw  a  deej 
i/igth.  The  further  path  guides  through  a 
’riven!  i eng  I  tt-’J' i»«J  cab  le  and  indoor  cable  to 
the  mining  control. 

The  'el  lowing  chapters  describe  the  optical 
‘lire  Jrag  cable  together  with  the  r0tary 
•rin.fer  .  (or.  t  llP  I  rnV«yOr  ro,ad  c.Bile  wi  th 


its  special  closures  and  the  required 
transmission  systems. 

Drag  cable 

The  drag  cable  with  a  length  of  about  500  m 
has  incorporated  under  g  common  sheath  an 
element  with  6  optical  fibres  besides  the  power 
conductor.  The  geometrical  dimensions  of  this 
optical  fibre  piemen’  are  chosen  in  such  a  way 
that  it  fits  into  the  outer  interstices  of  the 
3  phase  conductors  of  the  drag  cable.  The  ground 
conductor's  cross  section  of  70  mm?  were  divided 
in  2  single  conductors  instead  of  3  in  the  case 
where  no  optical  fibre  element  is  in  the  cable. 
The  phase  conductors  are  copper  conductors  with 
120  mm2  Cr0i 5  section  (Fig.  3). 

In  order  to  withstand  the  mechanical  and 
temperature  induced  loadings  of  the  optical 
fibre  element  during  the  stranding  and  the 
extrusion  and  cross  linking  of  the  rupper 
sheath,  the  optical  fibre  element  itself  has  to 
be  especially  designed.  The  6  optical  fihres  are 
incorporated  in  a  common  loose  buffer  which  is 


Fig.  3 :  Drag  Cable  3x 1 20 
6  optical  fibres 


+  2x35  with 


292  International  Wire  &  Cable  Symposium  Proceedings  1987 


filled  with  hi gh-temperature  "'esistant  jelly. 
Over  this  buffer  fibre-reinforced  plastic 
elements  we^e  stranded  and  over  this  a  braid  of 
glass  elements  was  applied.  This  construction 
gives  the  robust  armour  for  the  followed 
extrusion  of  the  rubber  sheath.  This  so  produced 
optical  fibre  element  was  stranded  together  with 
the  other  elements  of  the  drag  cable.  This 
optical  fibre  element  was  strong  enough  to  be 
stranded  on  the  normal  stranding  machine  which 
normally  strands  the  high  voltage  power  cables. 
After  finishing  the  cable  the  optical  fibres 
were  measured.  No  change  in  attenuation  between 
the  bare  fibres  and  the  fibres  in  the  drag  cable 
was  observed. 

Also  after  the  exposure  of  the  drag  table  to 
the  different  environmental  conditions  like 
temperature  changes  between  -30  °C  and  +60  °C, 
maximum  tensile  force  of  25,000  N  only  small  but 
fully  reversible  changes  in  attenuation  were 
observed.  Only  after  2,000  bendings  an  increase 
in  attenuation  of  U.1  dB  for  the  500  m  length  in 
maximum  is  due  to  ageing  effects.  The 
cha+arteri st ics  of  the  optical  fibre  drag  cable 
are  shown  in  figure  4. 


Fig.  4:  Data  of  the  optical  fibre  drag  cable 


In  order  tc  put  such  a  drag  cable  into 

operation  it  is  necessary  to  apply  at  the  inner 

side  of  the  drag's  cable  reel  a  rotary  transfer 
coupler  for  the  6  optical  fibres.  F.gure  4  shows 
such  a  rotary  transfer  coupler.  The  coupler  is 
designed  following  the  principle,  that  the 
required  turns  of  the  reel  are  put  into  the 
transfer  coupler  in  winding  it  on  2  reels 
building  an  "8".  Depending  on  the  construction 
it  is  not  possible  to  have  an  endless  rot.ary 
transfer  coupler.  The  coupler  designed  for  the 

500  m  drag  cable  requires  the  possibility  to 
make  about  25  turns.  By  this  principle  it.  is  not 
necessary  to  have  a  rotation  part  between  the 


fibres  to  be  coupled.  Therefore  the  coupling 
loss  of  this  rotary  transfer  couple1"  is  only 
2  times  the  connector  loss.  This  means  about 
1.5  dB. 


Fig.  5:  Rotary  Transfer  Couple1"  for 
6  optical  fibres  (by  GKL.  Elsdorf, 
FRG) 

Conveyor  Road  Cable 

The  optical  fibre  conveyor  road  cable  is 
intended  to  be  used  along  moveable  conveyor 
roads,  whereas  normally  the  telecommunication 
cables  as  well  as  the  power  cables  are 

metall-armoured,  the  optical  fibre  cable  was 
designed  to  be  fully  dielectric.  This  allows 
much  easier  installation  and  termination  at  the 
end  points  where  no  care  must  be  taken  for  human 
safety  in  case  of  induced  voltages. 

The  designed  cable  consists  of  a  central 
strength  element  around  which  a  maximum  of 

8  fibres  can  be  stranded.  The  cable  core  is  then 
petrojelly  filled  and  a  glass  fibre 
reinforcement  is  stranded  around  the  filled 

cable  core  in  two  layers.  The  cable  is  finalized 
by  a  Polyurethane  sheath  of  2  mm  thickness  which 
results  in  a  total  cable  diameter  of  about  11  mm 
(Fig.  6). 

For  the  test  single  mode  fibres  as  well  as 
graded  index  fibres  with  50  and  62.5  um  core 
diameter  were  used.  The  fibre  buffer  was  chosen 
to  be  a  tight  buffer  to  allow  in  case  of  repair 
and  also  primary  installation  a  direct  mounting 
of  connectors  on  the  buffered  fibre. 

The  attenuation  of  the  optical  fibres 
(graded  index  as  well  as  single  mode  fibres) 
show  no  change  in  attenuation  during  the 
production  process  from  the  bare  fibre  to  the 
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f\nalized  cable.  Hie  cable  was  Mien  tested  with 
respect  to  all  specified  parameters  like  tensile 
strength,  bending,  torsion  and  change  in 
attenuation  with  respect  *0  temperature  change. 
The  results  of  these  measurements  are  shown  in 
Fig.  7.  The  results  show  that  this  cable  is  well 
designed  with  respect  to  the  requirements. 


PUR  Sheath 

Tension  Release 
Tight  Bu f fered  Fiber 
Central  Element 
Wrapping 


10.2  mm 


Fig.  6:  Cross-Section  o‘  the  optical  fibre 
conveyor  road  cable 

If  in  a  new  installation  the  cable  length  is 
shorter  than  the  required  link  length  it  is 
necessary  to  mount  a  closure.  Such  a  closure  is 
a  1  so  necessary  m  case  of  repair.  By  the 
installation  condition  this  means  the  conveyor 
road  cable  is  hanging  besides  the  conveyor  road, 
the  closure  must  be  approximately  equal  in 
diameter  to  the  cable  and  moreover  must 
withstand  the  same  requirements  as  the  cable 
itself  and  the  closure  may  not.  hinder  in  excess 
the  flexibility  of  the  cable. 

The  closure  developed  for  this  purpose 
Mjlifils  the  requirement  on  flexibility  and 
strength  and  has  an  outer  diameter  of  about 
40  mm.  It  consists  of  2  concentric  hollow  tubes. 
The  inner  tube  has  a  diameter  in  the  range  of 
the  cable  diameter  and  a  length  of  about.  500  mm. 
In  the  inside  of  this  tube  the  central  strength 
element,  of  the  cable  to  be  jointed  is  connected 
arid  on  the  outside  of  the  tube  the  spliced 

fibres  are  helically  wound  in  order  t.o  give  the 
required  spare  fibre  length  for  splicing.  The 
bare  fibres  and  splices  are  protected  by  soft 

tapes  t.o  avoid  damage  and  mi'  robending.  The 
outer  tube  is  a  flexible  corrugated  tube  with  a 
slightly  larger  diameter  than  the  protected 
inner  tube.  Over  the  outer  tube  the  strength 

elements  of  both  cables  are  applied.  These 

strength  elements  are  fixed  by  a  shrinkable  tube 
and  gives  a  strength  t.o  the  closure  which  is  at 
least  the  strength  of  a  single  cable.  Moreover 
this  closure  is  flexible  by  the  usage  of  soft. 
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Fig.  7:  Data  of  optical  fibre  conveyor  road 
cable 

inner  tube  material  and  corrugated  outer  tube. 
Fig.  8  shows  such  a  bended  conveyor  ■~cad  cable 
with  the  closure. 

Besides  this  closure  which  +'u  1 1  f  1 1  s  the 
general  requirement  tor  a  conveyor  road  cable 


Fig.  8:  Conveyor  road  cable  closure  with 
high  flexibility  and  strength 


294  International  Wire  &  Cable  Symposium  Proceedings  1987 


closure  also  the  possibility  of  a  fast  repair 
splice  by  the  maintenance  people  of  the  brown 
coal  mining  itself  is  required.  This  can  be  done 
by  adhesive  splices  which  are  protected  in  a 
small  splice  box.  In  order  to  get  a  sufficient 
strength  of  repair  splice  it  is  necessary  to 
overlap  the  both  cable  ends  and  fix  them 
together  by  a  shrinkable  tube.  The  cable  ends 
are  then  fed  into  the  provisional  splice  box 
from  the  rear. 

Transmission  System 

In  the  brown  coal  mining  area  it  is 
desirable  to  transmit  between  the  digger  and  the 
supervision  station  telephony  and  remote  control 
signals.  These  are  both  narrow  band  signals.  But 
by  the  different  structure  of  the  signal  coding 
it  is  adviseable  to  use  for  shorter  distances  2 
fibre  pairs,  one  for  each  type  of  signals.  For 
longer  links  one  can  choose  between  a 
2-way-wavelength  multiplex  or  electronical 
multiplexing  of  the  telephone  and  the  remote 
control  signals  to  one  data  stream  in  order  to 
reduce  the  number  of  fibres  from  4  to  2. 

If  additional  broad  band  services  like  video 
controlling  or  video  communication  should  be 
transmitted  one  respectively  two  additional 
fibres  are  necessary. 


For  distances  of  up  to  15  km  for  all  the 
above  mentioned  systems  LED's  on  graded  index 
fibres  will  be  the  economical  solution.  In  this, 
for  distances  of  up  to  6  km  LED's  in  the  850  nm 
region  are  preferred.  For  longer  link  lengths 
the  1,300  nm  region  should  be  used.  Oniy  for 
system  lengths  of  more  than  15  km  the  use  of 
single  mode  fibres  together  with  lasers  may  be 
considered.  Fig.  9  shows  some  hardware  of  the 
line  termination  equipment. 

Summary 


In  the  contribution  the  different  components 
of  an  optical  fibre  transmission  system 
connecting  the  control  cabin  of  a  digger  with 
the  supervision  station  are  described  in  detail. 
It  is  shown  that  the  drag  cable,  the  conveyor 
road  cable  and  the  "•equired  rotary  transfer 
couplers  and  closures  are  well  designed  for  this 
rough  environment.  Systems  with  LED's  in  the 
first  or  second  window  gives  the  required 
availability  for  the  transmission  system  with 
respect  to  the  distances  and  required  signal 
structure. 

By  the  progressing  control  technique  using 
digital  coding  it  is  obvious  that  optical  fibre 
systems  fullfil  the  requirements  for  troublefree 
and  reliable  transmission  path  without 
exorbitant  effort  on  screening  and  redundancies. 

The  experience  up  to  now  shows  the  usability 
of  optical  fibre  systems  in  brown  coal  mining 
area  and  the  further  experience  will  give  advise 
for  the  ongoing  development. 
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Fig.  9:  Line  termination  equipment  for  fast 
data  transmission  in  19"  rack 
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INTRA-AIRCRAFT  FIBER  OPTIC  COMMUNICATION  SYSTEM 


Chriscopher  E.  Polczynski 


Lockheed  California  Company 
Burbank,  California 


Abstract 

A  fiber  optic  system  replacing  12  twisted, 
shielded  pairs  with  a  single  fiber,  elec¬ 
tronics  and  optics  is  described.  The 
system  transmits  12  command/  data  signals 
from  wing  to  wing  equipment  pods.  Of  the 
12  signals,  five  propagate  right-to-left 
and  seven  left-to-right .  System  compon¬ 
ents  in  each  wing  include  a  Time  Division 
Multi-demultiplexer,  a  Laser  Transmitter 
(1300  nm  in  one  wing  1550  nm  in  the 
other) .  a  Wavelength  Division  Multi¬ 
demultiplexer,  and  a  PIN-FET  Receiver. 

Most  of  the  transmitted  signals  are  asyn¬ 
chronous.  Therefore,  a  supersampling 
approach  to  time  division  multiplexing  was 
required  resulting  in  quite  high  serial 
data  transmission  rates- 300MBPS  left-to- 
right  and  294.912  M BP,  right- to- left .  The 
wavelength  division  multi-demultiplexer 
allowed  for  simultaneous,  bidirectional 
transmission  of  two  independent  serial 
data  streams  over  a  fiber.  The  fiber 
cable  from  wing  to  wing  required  six  bulk¬ 
head  connectors.  A  laboratory  prototype 
of  the  fiber  system  was  successfully  test¬ 
ed  with  the  aircraft  system.  Flight  qual¬ 
ified  hardware  is  now  being  developed. 

Upon  successful  completion  of  flight  tests, 
existing  Lockheed  aircraft  will  be  retro¬ 
fitted.  The  system  will  also  be  used  as  a 
test  bed  for  advance  fiber  optic  applica¬ 
tions  on  existing  and  future  Lockheed 
aircraft . 

Introduction 

Optical  fiber  technology,  together  with 
rapid  advances  in  high-speed  integrated 
circuits,  is  laying  the  foundation  for  new 
interconnect  systems  replacing  convention¬ 
al  wire  cabling  on  aircraft. 

Initially,  fiber  was  used  as  a  one-for-one 
replacement  for  copper  wire.  In  the  near 
future,  multiple  twisted  shielded  pairs 
(TSP)  and  coaxial  cables  will  be  replaced 
by  a  fiber  optic  interconnect  system  con¬ 
taining  a  single  fiber. 

The  major  incentives  for  "fiberizing"  ex¬ 
isting  aircraft  are  weight  and  volume  sav¬ 
ings,  and  elimination  of  EMI  problems  due 


to  cabling.  It  is  estimated  that  the  use 
of  fiber  instead  of  conventional  wire  cab¬ 
ling  could  reduce  the  weight  of  a  small 
military  plane  by  hundreds  of  pounds,  and 
a  large  plane  by  at  least  a  ton.  The  vol¬ 
ume  reduction  of  cabling  and  connectors 
can  be  907„.  Weight  and  volume  reductions 
which  can  be  realized  by  multiplexing  and 
then  transmitting  over  metallic  cables  are 
not  as  great.  For  many  existing  aircraft, 
the  weight  and  volume  reduction  potential 
offered  bv  fiber  optic  retrofit  is  very 
attractive . 

Future  electronic  systems  for  aircraft  will 
be  based  on  components  resulting  from  the 
VHSIC  (Very  High  Speed  Integrated  Circuits) 
program,  this  program  will  provide  IC's 
orders  of  magnitude  faster  and  more  power¬ 
ful  than  the  current  devices.  VHSIC  will 
be  mandatory  on  the  new  tactical  fighter 
programs,  such  as  the  Air  Force  Advanced 
Tactical  Fighter,  the  Navy's  Advanced  Tac¬ 
tical  Aircraft,  as  well  as  on  other  pro¬ 
grams.  Fiber  optic  technology  is  required 
to  interconnect  VHSIC  based  equipment. 

Thus,  developments  in  technology  are  quick¬ 
ly  forcing  fiber  optics  to  be  used  for  air¬ 
craft  retrofit,  new  systems, and  next  gen¬ 
eration  aircraft  applications. 

This  paper  describes  a  laboratory  version 
of  a  fiber  optic  interconnect  system  which 
replaces  12  existing  TSP  with  a  single  op¬ 
tical  fiber,  electronics,  and  optics.  The 
system  was  successfully  tested, and  flight 
qualified  hardware  is  now  being  developed. 
Upon  successful  completion  of  flight  tests, 
existing  aircraft  will  be  retrofitted.  The 
system  wi) 1  also  be  used  as  a  test  bed  for 
advanced  fiber  optic  applications  on  exist¬ 
ing  and  future  Lockheed  aircraft. 

Existing  Wire  System  Parameters 

Twelve  command/data  signals  are  now  trans¬ 
mitted  over  12  TSP  from  wing  to  wing  equi¬ 
pment  pods  for  a  distance  of  approximately 
30  meters.  In  that  length,  six  bulkhead 
connectors  are  required.  The  cables  run 
in  non-pressured  areas  of  the  aircraft. 

The  operating  altitude  is  0  to  70  000  £eet. 
The  operating  temperature  range  is  -65  C 
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Co  +65°C  degrees. 

Transmitted  signal  characteristics  are 
shown  in  Table  1.  All  signals  are  differ¬ 
ential.  TTL  levels.  Signaling  frequencies 
range  from  1.5  KHZ  for  an  alarm  signal  to 
6.25  MHZ  for  a  clock  signal.  Referring  to 
Table  1,  note  that  there  are  four  groups 
of  signals  that  contain  synchronous  sig¬ 
nals  within  each  group.  However,  signals 
in  any  one  group  are  not  synchronous  to 
signals  in  any  other  group.  The  first 
group  contains  signals  A,  C,  D;  the  sec¬ 
ond  group-Z,  E ;  the  third-T,  U;  and  the 
fourth-V,  W.  The  remaining  three  signals 
are  asynchronous . 

Furthermore,  five  signals  occur  in  bursts. 
The  6.25  MHZ  clock  and  its  data  occur  in 
bursts  of  22  clock  periods  duration.  The 
duration  of  the  gap  between  bursts  is  ran¬ 
dom.  The  duration  of  the  three  alarm  sig¬ 
nals  (B,X,Y,)is  also  unpredictable.  The 
remaining  signals  are  continuous. 

Of  the  12  signals,  seven  flow  from  left  to 
right,  and  five  flow  from  right  to  left. 

Note  that  the  1.152  MHZ  clock  is  transmit¬ 
ted  in  the  opposite  direction  of  the  1.152 
MHZ  data. 

The  lack  of  a  common  clock  and  the  need  for 
bidirectional  transmission  were  the  kev  re¬ 
quirements  which  drove  the  design  of  this 
fiber  optic  system.  Details  of  how  this 
was  accomplished  will  be  discussed  later. 

Fiber  Optic  System  Description 

The  fiber  optic  system  block  diagram  is 
shown  in  Figure  1.  The  subsystem  components 
in  each  wing  are  the  same  with  the  exception 
of  a  1300  nm  transmitter  on  one  side,  and  a 
1500  nm  transmitter  on  the  other.  Each  sub¬ 
system  consists  of  a  Time  Division  Multi- 
d ^multiplexer  (TDM),  Laser  Transmitter  (TX) , 
P1N-FET  Receiver  (RX) ,  and  Wavelength  Divi¬ 
sion  Multi-demultiplexer  (WDM) .  A  fiber 
optic  cable  with  six  bulkhead  connectors 
provides  an  optical  interface  between  the 
subsystems.  Two  wavelengths  propagate  in 
opposite  directions  over  the  fiber  cable 
allowing  for  independent,  simultaneous,  and 
bidirectional  transmission  of  data. 

For  either  direction  of  transmission,  para¬ 
llel  differential  TTL  level  input  signals 
to  the  TDM  are  multiplexed  into  a  high 
speed  serial  data  stream.  The  ECL-level 
differential  TDM  outputs  drive  a  laser 
transmitter.  It's  output  is  coupled  into 
the  WDM,  and  the  output  of  the  WDM  is  coup¬ 
led  into  the  fiber  cable.  After  propagat¬ 
ing  through  30  meters  of  cable  with  six  in¬ 
line  connectors,  the  optical  signal  is 
coupled  to  the  second  WDM  from  which  it  is 
coupled  into  the  PIN-FET  receiver.  The 
receiver  converts  the  optical  signal  into  a 


differential  ECL  elvel  serial  bit  stream 
which  then  drives  the  second  TDM.  The  TDM 
demultiplexes  that  data  into  parallel  dif¬ 
ferential  TTL  level  outputs  corresponding 
to  the  input  TTL  level  signals  at  the  first 
TDM . 

Figure  2  shows  the  laboratory  prototype  of 
the  fiber  optic  system.  Electronic  system 
components  are  now  being  hybridized  for 
flight  tests.  The  anticipated  sizes  of 
components  and  their  packaging  configura¬ 
tion,  for  one  side,  are  shown  in  Figure  3. 
Packaging  dimensions  are  5"  X 5”  X  1.5"  and 
were  determined  primarily  by  the  bend  rad¬ 
ius  of  the  fiber  pigtails. 

The  laboratory  prototype  was  ground  tested 
successfully  with  the  aircraft  system.  The 
aircraft  system  operated  equally  well  over 
fiber  or  over  wire.  Acutallv,  the  wire 
system  causes  some  signal  distortion  at  the 
output  compared  to  the  input,  the  fiber 
system  does  not.  Description  of  the  fiber 
system  components  follows. 

Time  Division  Multi-Demultiplexer 

The  TDM  multiplexes  the  signals  in  a  manner 
suitable  for  optical  transmission.  Since, 
as  discussed  above,  most  of  the  signals  are 
asynchronous  to  each  other,  a  supersampling 
approach  to  multiplexing  is  required. 

This  results  in  very  high  serial  data  rates. 
In  the  left  to  right  direction  the  data 
rate  is  300  MBPS,  and  294.912  MBPS  in  the 
right  to  left  direction. 

The  serial  word  transmitted  by  a  multiplexer 
is  16  bits  long  .  A  unique  bit  sequence  is 
transmitted  for  achieving  word  synchroniz¬ 
ation.  It  requires  six  data  bits  and  is 
assembled  by  transmitting  three  consecutive 
logic  levels  followed  by  three  consecutive 
complementary  logic  levels.  The  first  six 
bits  also  signify  the  state  of  one  input 
data  channel.  (Referring  to  Table  1,  signal 
D  for  left  to  right,  signal  Z  for  right  to 
left.)  When  the  first  three  bits  are  logic- 
level  high,  then  that  input  channel  is  in 
logic  level  high,  and  vice-verse.  The 
last  ten  bits  are  assigned  to  the  remaining 
five  data  channels  as  follows.  Each  data 
channel  occupies  two  bit  times.  A  bit  is 
direclv  followed  by  it's  complement.  If 
the  it  is  logic  level  high,  then  the 

input  hannel  is  logic  level  high,  and 

vice  ,se.  Figure  4  shows  one  word  with 
all  a  channels  at  logic  level  high.  The 
advat  ges  of  this  coding  scheme  are:  (1) 
high  ansition  density  for  reliable  clock 
recovi  t,  and  (2)  50  percent  duty  cycle  for 
ease  o  fiber  optic  transmission. 

Since  i  ,ily  five  signals  are  transmitted  in 
the  left-to-right  direction,  one  of  the  six 
data  channels  is  reserved  for  future  use. 

In  the  other  direction,  signals  U  and  W  are 
premultiplexed  into  one  channel  prior  to 
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the  nux  section  of  the  TDM  thus  reducing 
the  number  of  signals  to  6. 

The  300  MBPS  output  bit  stream  from  the 
le f t- to-r ight  mutiplexer  is  synchronized 
with  an  additional  available  6.25  MHZ  con¬ 
tinuous  clock  from  the  aircraft  system. 

The  6.25  MHZ  burst  clock,  the  6.25  MBPS 
burst  data,  and  the  320  nS  pulses  (signal 
A)  are  all  synchronized  to  the  continuous 
6.25  MHZ  clock.  All  these  signals,  there¬ 
fore,  are  sampled  synchronously.  The 
other  signals  are  sampled  asynchronously 
at  a  rate  of  18.75  MHZ.  Sampling  error  on 
the  1.152  MBPS  data  is  removed  by  re¬ 
timing  it  with  its  own  clock  originating 
at  the  destination  of  the  data.  Sampling 
error  on  the  1.5  KHZ  alarm  signal  is  in¬ 
significant  for  system  operation. 

The  29^.912  MBPS  output  bit  stream  from 
the  right- to- le f t  multiplexer  is  synchro¬ 
nized  with  the  1.152  MBPS  clock.  The 
other  signals  are  sampled  asynchronously 
at  a  rate  of  18.432  MHZ.  Sampling  errors 
on  the  asynchronously  sampled  signals  are 
insignificant  for  system  operation. 

The  demultiplexers  feature  error  resist¬ 
ance  to  word  sync  detection.  Three  con¬ 
secutive  word  sync  errors  need  to  be  det¬ 
ected  before  the  demultiplexer  assumes 
that  sync  was  lost,  and  starts  to  re- 
aquire  i  t . 

The  TDM  devices  were  designed  around  com¬ 
mercially  available  GaAs  time-division 
multi-demultiplexer  chips.  The  laboratory 
prototype  was  constructed  using  surface 
mount  device  (SMD)  packaging  technology. 
The  livable  units  will  be  hybridized. 

Transmitter  and  Receiver 

The  transmitter  uses  a  bipolar  differen¬ 
tial  amplitier  to  modulate  the  laser. 
Average  power  feedback  loop  keeps  the  op¬ 
tical  power  constant  over  time.  Tempera¬ 
ture  control  of  the  laser  is  required  pri¬ 
marily  to  keep  the  lasing  wavelength  with¬ 
in  the  bandpass  of  the  WDM  devices.  A 
cooler  is  used  both  as  a  cooler  and  as  a 
heater  to  keep  the  laser  chip  at  room 
temperature  as  the  ambient  varies  over 
the  range  of  +65°C  to  -65°C. 

Laboratory  prototypes  were  built  with  com¬ 
mercially  available  lasers  in  DIP  pack¬ 
ages.  Typical  measured  optical  rise  time 
of  a  transmitter  was  700  pS.  A  hybrid 
version  will  have  the  laser  chip  mounted 
closer  to  the  modulator.  As  a  result, 
the  optical  rise  time  should  decrease  to 
about  400  pS.  The  peak  output  power  for 
a  hybrid  transmitter  will  be  0  dBM  for 
either  1300  nM  or  1550  nM  lasers. 


PIN-FET  front  end  followed  by  linear  gain 
stages  and  limiting  amplifiers.  Differen¬ 
tial,  ECL-compatable  outputs  are  provided. 
The  receiver  sensitivity  was  tested  at 
higher  than  the  required  300  MBPS  data 
rate.  The  measured  sensitivity  for  10E-9 
bit  error  rate  (BER)  with  a  350  MBPS 
pseudo-random  data  was  -35dBM  (average). 

Hybrid  versions  of  the  receiver  or  trans¬ 
mitter  will  be  housed  in  a  1"  X  1"  X  .38" 
high  DIP  package,  as  shown  in  Figure  3. 
Optical  interface  will  be  via  a  fiber  pig¬ 
tail. 

Wavelength  Division  Multi-Demultiplexer 
(MllX/DEMUX) 

The  WDM  couplers  allow  for  bidirectional 
transmission  over  a  single  fiber.  The 
couplers  used  for  this  program  are  filter 
based.  One  coupler  consists  of  1.3  MUX/ 

1.5  DEMUX,  the  other  is  1.3  DEMUX/  1.5  MUX. 

Back  reflections  into  the  laser  cavity 
generate  noise  and  degrade  performance 
characteristics  of  laser  diodes.  In  order 
to  eliminate  back  reflections  from  the 
junction  of  the  laser  to  the  WDM,  the  las¬ 
er  pigtail  was  fusion  spliced  to  the  WDM 
input  fiber.  To  eliminate  back  reflection 
from  the  six  inline  bulkhead  connectors  in 
the  fiber  optic  cable,  the  couplers  con¬ 
tain  absorbing  attenuators.  Reflections 
reaching  the  laser  from  the  connectors 
were  reduced  by  24  dB  which  was  sufficient 
to  eliminate  noise  generation  and  the  de¬ 
gradation  of  laser  properties. 

The  MUX  and  DEMUX  loss  without  the  atten¬ 
uator  was  less  than  0.6  dB  total.  With 
the  attenuator,  the  MUX  loss  was  12.0  dB 
and  the  DEMUX  loss  was  6.5  dB  for  a  total 
loss  of  18.5  dB. 

The  couplers  were  temperature  stabilized 
to  minimize  loss  variations.  To  verify 
their  performance  over  temperature,  they 
were  subjected  to  two  tvpes  of  testing: 

(1)  Temperature  cycling  where  the  couplers 
were  cycled  over  the  range  of  +  65LC  for 
ten  equal  cycles  for  a  total  time  of  75 
hours.  (2)  Temperature  shock  test  where 
the  couplers  were  brought  to  one  or  the 
other  extreme  (+65°C  or  -65°C)  and  then 
rapidly  cooled/heated  to  +25°C.  For  both 
tests,  the  maximum  variation  in  attenua¬ 
tion  was  no  more  than  0.1  dB  with  full  re¬ 
covery  at  the  end  of  the  tests.  Measured 
resolution  of  the  tester  was  0.1  dB.  Fig¬ 
ure  5  shows  typical  temperature  cycling 
test  results.  It  should  be  added  that  the 
couplers  were  also  temperature  cycled  to 
+125°C.  No  change  was  observed  from  the 
results  obtained  at  +65°C. 


The  receiver  uses  a  commercially  available 
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Fiber  and  Connectors 


The  62.5/125  fiber  and  ST-tvpe  connectors 
were  chosen  for  this  program.  Typical 
measured  attenuation  with  a  laser  source 
for  30  meters  of  fiber  and  six  inline  con¬ 
nectors  was  1.2  dB  total. 

Optical  Power  Budget 

The  summary  of  the  optical  power  budget 
for  the  system  is  presented  in  Table  2. 

As  shown,  the  optical  margin  for  the  sys¬ 
tem  is  12.1  dB .  Typically,  a  margin  of 
six  dB  is  required  for  systems  of  the  type 
described  here.  The  extra  6.1  dB  of  margin 
guarantees  reliable  performance  in  air¬ 
craft  environments. 

Two  BER  tests  were  performed  on  the 
optical  portion  of  the  system.  One  test 
was  with  a  300  MBPS  pseudo-random  data  pat¬ 
tern.  For  the  second  test,  the  BER  tester 
was  programmed  to  simulate  data  patterns 
corresponding  to  those  supplied  by  the  TDM. 
The  measured  BER  was  0  X  10E-11  for  both 
tests.  Also,  the  system  was  checked  end 
to  end  (TTL  in  to  TTL  out)  for  each  of  the 
12  channels.  Again,  no  errors  were  detect¬ 
ed  during  12  hours  of  testing  per  channel. 
These  excellent  test  results  have  proven 
the  feasibility  of  the  system. 

Summary 

An  aircraft  fiber  optic  system  designed  to 
replace  12  twisted,  shielded  pairs  was  de¬ 
scribed.  System  testing  has  proven  the 
feasibility  of  the  system.  Flight  quali¬ 
fied  hardware  is  now  being  developed.  Upon 
successful  completion  of  flight  tests, 
existing  aircraft  will  be  retrofitted  with 
the  fiber  optic  system.  The  system  will 
also  be  used  as  a  test  bed  for  advanced 
fiber  optic  applications  on  existing  and 
future  Lockheed  aircraft. 
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TABLE  l  TRANSMITTED  SIGNALS 

LEFT  TO  RIGHT 


S igna 1 

Da  t  a  Ra t  e 

Description 

Comments 

A 

120ns  pulses  at  40  HZ 

sync,  signal 

synchronous  to  signal  I) 

B 

zero  or  1.5  KHz 

alarm  signal 

gated  square  ware 

C 

6 . 2  5Mbps 

NRZ  data  burst 

synchronous  to  signal  D 

D 

6 . 2  5MHz 

data  burst  clock 

E 

1 . 1 52Mhps 

NRZ  data 

unrestricted  transition 
density 

RIGHT  Tn  LEFT 

Signal 

Data  Rate 

De  s  c  r i p  t i on 

Comments 

T 

50Kbps 

NRZ  data 

unrestricted  transition 
density 

U 

50KHz 

data  clock 

synchronous  to  signal  T 

1 

i 

V 

5Kbps 

NRZ  da  t  a 

unrestricted  transition 
density 

1 

w 

5KHz 

data  clock 

synchronous  to  signal  V 

X 

zero  or  75KHz 

alarm  signal 

gated  square  wave 

1 

Y 

zero  or  lOKHz 

alarm  signal 

gated  square  wave 

z 

1 ,152MHz 

data  clock  for 
signal  E 

synchronous  to  signal  h 

1 
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Figure  2  - _ Lah< oratory  V rot  ot vp e 

(Note  si;u*  *>f  t'SF>  vs  Fiber  C;ible1 
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Figure  4  -  Serial  Word  Mich  All  Data  Channels  At  Logic  Level _ I 


1.30/1.5M  DEVICE  #1 

Signal  -  CH  1  :  1.30/1.5M  (.3  SIS  Flla  -  PLANE!  .DAT  Data  -  34/10/88  Tlaia  -  16:24 
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Figure  5  -  WDM  Temperature  Test  Results 
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Abstract 

All  plastic  optical  fiber  (APOF)  was  developed  about 
twenty  years  ago  in  the  tl.S.A  and  now,  many  companies  m 
several  countries  are  manufacturing  many  sices  of  APOF. 

APOF  has  several  good  characteristics  and  has  been 
considered  for  internal  or  external  wiring  for  consumer 
electronic  equipment.  However  actual  applications  of  APOF 
for  consumer  electrromcs  equipment  are  very  few.  Appliance 
wiring  material  or  APOF  for  consumer  electronics  equipment 
has  several  special  requirements.  We  have  developed  APOF 
cords  which  meet  the  requirements  of  consumer  electronics 
equipment.  We  present  three  types  of  APOF  cords  which  have 
been  used  m  consumer  electronics  equipment.  The  first  one 
is  an  ATCF  cord  Ul  AWH  5234,  recognized  as  appliance  wiring 
material  by  UL.  The  second  one  is  extendable  curl  form  APOF 
cord.  The  third  one  is  heat  resistant  APOF.  The  above  two 
types  of  AITF  cords  are  use  the  same  APOF  material  is  PHMA 
plastic.  However  this  heat  resistant  APOF  material  is  not 
PHHA.  It  is  silicone. 


l.ATOF  cord  recognized  as  appliance  wiring  material 
category  by  UL.  (UL  AWH  5234) 

1  1  Introduction 

Appliance  wiring  material  for  electronics  equipment 
is  required  to  have  the  recognition  of  UL  as  a  safety 
requirement.  We  have  developed  UL  recognized  APOF  cord. 
The  UL  AWH  style  number  of  this  cord  is  5234.  Following 
is  the  construction,  material  and  basic  properties. 

12  Construction  and  Hatena! 

Construction  and  material  are  shown  in  Fig  1  and 
Table  1  respectively. 


Fig  1  Construction  of  UL  AWH  5234 


Table  1  Material  of  UL  AWH  5234 


ITEM 

MATERIAL 

CORE 

~ - 1 

PHHA 

ClAE 

Fluoropolymer 

INNER  JACKET 

PURE  PLASTIC 

OUTER  JACKET 

PVC 

_  . 

The  APOF  itself  is  very  flammable.  Oxgen  index  of  PHHA 
is  about  18.  We  extrude  a  two  layer  jacket  over  the  APOF. 
The  purpose  of  the  outer  jacket  is  to  meet  the  flame  retar 
dant  requirements  of  UL  subject  758  and  tD  prevent  mechan 
ical  damage  of  the  APOF.  The  purpose  of  inner  jacket 
between  the  APOF  and  the  outer  jacket  is  prevention  for 
inversion  of  annexes  of  outer  jacket  PVC  into  ATOF. 

Inversion  of  annexes  into  APOF  would  decrease  the  transpar 
ency  of  APOF. 

1  3  Properties 

1-3  1  Flame  retardant  properties 

Almost  all  safety  requirements  specify  flame  resist 
ance.  The  vertical  flame  test  requirments  described  in 
Electrical  Bulletin  No.  1371  of  CSA  and  the  Japanese  law 
controlling  appliances  and  materials  are  almost  the  same  as 
the  VW  1  test  of  Ul  subject  758.  VW  1  test  results  are 
given  in  Table  2. 


Table  2  VW-1  test  results 


Nuaber 

Burning  time 

■ 

Indicator 

Surgical 

of 

speciaen 

j 

iPPl 

1 

.  j 

icat 

2 

ion 

3 

of  f 

4 

lame 

5 

Burning 

cotton 

Burning 

Result 

i 

2 

0 

Q 

0 

0 

0  * 

none 

Passed 

2 

2 

0 

0 

0 

0 

0  * 

none 

Passed 

3 

1 

0 

0 

0 

0 

0  t 

none 

Passed 

4 

1 

0 

C 

0 

0 

0  X 

none 

Passed 

5 

1 

0 

C 

0 

0 

0  X 

none 

Passed 

_ 

_ 

_ 

_ 
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1  3  2  Optical  loss  (on  aged) 

Optical  loss  of  UL  AWH  5234  APOF  cord  is  the  same  as 
bare  (on- jacketed)  APOF.  Optical  loss  measurement  results 
of  UL  AWM  5234  are  given  in  Fig  2 


©Specimen 

UL  AWK  5234  with  1.0mm  dia.  APOF 
(2  Spec  men 

UL  AWI  5234  with  0.75m  dia.  APOF. 


1  3-4  Optical  loss  by  bending 

We  show  the  test  method  and  results  of  optical  loss 
by  bending  UL  Am  5234  in  Fig  4  and  Fig  5. 


Speciaen  is  wrapped  one  turn 
one  the  mandrel  and  optical 
loss  is  measured. 

Speciatn:UL  Am  5234  with  1.0mm 
dia  ArCF. 

R  : Radius  of  mandrel  (mm) 


Fig  4  Test  method  of  bending 


Fig  5  Test  results  md'ng 


1-3-3  Optical  loss  after  aging  at  SO  degrees  c 

We  tested  the  optical  loss  of  UL  Am  5234  APOF  cord 
after  aging  1000  hours  at  80  degrees  c.  The  test  results 
are  given  m  Fig  3. 


1-4  Application  of  UL  Am  5234 

UL  Am  5234  APOF  cord  has  been  used  as  the  lead  wire 
for  indicator  lights  in  compact  video  tape  cameras  in  Japan 


There  is  no  change  up  to  1000  hours. 

Fig  3  Changing  of  optical  loss  at  80  degrees  c 


2. Extendable  curl  form  APOF  cord 

2  1  Introduction 

This  APOF  cord  is  covered  with  a  sunlight  resistant 
polyethylene  jacket  and  is  formed  into  a  curl  form  by 
heating.  This  curl  form  is  just  like  a  spring  form.  This 
curl  form  is  compact  and  saves  space  although  the  actual 
length  of  the  cord  is  long.  When  the  cord  is  not  being 
used,  it  is  compact.  When  the  cord  is  used,  it  can  stretch 
This  APOF  cord  is  useful  as  the  external  lead  wire  for 
equipment.  The  ratio  of  optical  properties  between  un 
formed  straight  APOF  cord  and  curl  formed  cord  is  very 
small.  Following  are  the  construction  and  basic  properties 
of  extendable  curl  form  APOF  cord. 
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2  2  Construction  and  Material 

Construction  and  materials  are  shorn  in  Fig  6  and 
Table  3. 


ITEM 

Material 

r" . . 

Diameter 

_ 

CORE 

PMMA 

CLAD 

Fluoropolymer 

1.0  mm 

JACKET 

l. 

Polyethylene 

2.0  m  ] 
. 1 

Table  4  Test  results  at  room  temp. 


LI  (mm) 

L2  (mm) 

49.0  -  50.3 

165  -  168 

Hinimua  and  maximum  data 
among  three  spec  liens  is 
shown  Table  4. 


2-3-2  Entension  and  retraction 

Following  are  the  test  method  and  results  of  extension 
and  retraction  testing. 

Test  aethod. 

Speciaen  is  extended  to  2.7  meter  length  and  allowed  to 
retract.  This  extension  and  allowed  to  retract.  This 
extension  and  retraction  should  be  repeated  one  hundred 
times  at  room  tesperature.  Then  the  length  of  the  curl  fora 
part  and  optical  loss  are  measured. 

Test  results. 

Minimum  and  maximum  data  among  three  specimens  is  shown 
in  Table  5. 

Table  5 


i 

ITEM 

Before  test 

After  100  times 

i 

Length  (am) 

49.0  -  50.5 

55.0  '  55.8 

i 

]  Optical  loss(dB) 

18.2  '  18.7 

18.0  '  19.0 

_  .  , _ 

2  3  Properties 
2  3  1  Extension  force 

The  test  aethod  and  results  of  extension  force  of  curl 
form  are  shown  in  Fig  7  and  Table  4. 

Test  method. 

The  specimen  should  be  set  vertically  and  the  length 
(hi)  measured  as  shown  ir.  Fig  7.  25  grams  weight  is  hung  at 
the  end  of  the  cord  and  held  10  seconds.  Then  the  length 
TL2)  is  measured  as  shown  in  Fig  7. 


233  Properties  after  twisting 

Following  are  the  test  method  and  results  after 
twisting. 

Test  method. 

Fix  one  end  of  the  speciaen  and  twist  the  other  end  ten 
turns  in  the  clockwise  derection,  retract,  twist  ten  turns 
in  the  counterclockwise  direction  and  retract.  This  is  one 
cycle.  The  length  of  the  curl  form  part  and  optical  loss 
are  measured  after  50  cycles  at  room  temperature. 

Test  results. 

Minimum  and  maximum  data  of  specimens  is  shown  in 
Table  6. 

Table  6 


ITEM 

Before  test 

After  50  cycles 

Length  (mm) 

_  _  .  J 

49.0  -  50.2 

_  .  _ _ 

48.5  -  52.8 

Optical  loss(dB) 

r 

18.4  -  18.7 

18.3  '  18.6 
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2-3-4  Huh  teiperature,  low  teiperature  and  heat  cycle 
test 

Following  are  the  test  conditions  and  results  of  high 
teiperature,  low  teiperature  and  heat  cycle  tests. 
Conditions: 

High  teiperature  test  :  80°C,  1000  hours 
Low  teiperature  test  :-30°C,  1000  hours 
Heat  cycle  test  :  one  cycle  is, 

-30°C  30  linutes,  25°C  5  ainutes,  80°C 
30  linutes,  25°C  5  ainutes. 

Test  results. 

He  aeasured  the  optical  loss  of  three  speciaens. 
Minimum  and  aaxiaua  deta  is  shown  in  Table  7. 


Table  7  Test  results 


TEST  ITEM 

Before  test  (dB) 

After  test  (dB) 

High  temp. 

18.7  -  19.4 

16.8  -  17.7 

Low  temp. 

18.6  -  18.9 

18.2  -  18.5 

Heat  cycle 

18.7  -  18.9 

17.6  -  17.8 

2  4  Application  of  extendable  curl  fora  APOF  cord 

This  extendable  curl  fora  APOF  cord  has  been  used  as 
the  external  lead  wire  in  the  previous  prograa  booking 
system  of  home  video  tape  recorders. 


3-2  Construction  and  aaterial 

Construction  and  aaterial  are  shown  in  Fig  8. 


Core  (Material  is  special  silicone) 
Clad  (Material  is  f luoropolyaer) 


Diameter  of  core  is  1.0  ma 
Fig  8  Diameter  of  clad  is  1.8  m® 


3  3  Properties 
3-3  1  Optical  loss 

Optical  loss  of  heat-resistant  APOF  is  shown  in 
Table  8.  We  aeasured  3.1  meter  length  speciaens  with  wave 
length  660  no  light.  Measuraent  is  by  the  cut  back  method. 
Table  8 


Number  of 

Loss 

speciaens 

(dB/m) 

i 

2.85 

2 

2.46 

3 

2.30 

4 

2.61 

5 

2.82 

3-3-2  Properties  for  lateral  pressure 

Optical  loss  of  a  two  meter  specimen  is  aeasured  by  the 
method  described  in  Fig  9. 


3. Heat-resistant  all  plastic  optical  fiber 
3-1  Introduction 

APOF  of  the  Ul  AWM  5234  cord  and  extendable  curl  form 
cords  is  the  same.  The  material  of  this  APOF  is  PMMA  core 
and  f luoropolyaer  clad.  This  PMMA  APOF  is  very  clear  and 
has  good  optical  properties.  However  this  APOF  does  not 
have  heat-resistant  properties.  The  maximum  operating  tem¬ 
perature  is  about  80  degrees  c.  We  have  developed  heat- 
resistant  all  plastic  optical  fibers  rated  at  150  degrees  c. 
The  optical  loss  of  heat-resistance  APOF  is  larger  than  PMMA 
APOF.  But  it  has  been  used  in  short  lengths  in  electronics 
equipment. 


Optical  'oss  is  measured  with  weights  0  Kg  to  140  Kg 
and  0  Kg  at  660  na  wave  length. 

Test  results  are  shown  in  Fig  10. 
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3-3-3  Optical  loss  after  bending 

lest  method  is  the  saw  as  1-3-4  Fig  4. 

Test  results  after  bending  are  given  in  Fig  11. 


I  2° 


20  40  R 

(rim) 

Fig  11  Optical  loss  after  bending 


3  3  4  Heat  resistance 

Optical  loss  of  one  meter  speciaens  is  seasoned  after 
exposure  at  150  degrees  c  for  100  hours,  200  hours,  300 
hours,  400  hours  and  500  hours.  Test  results  are  givin  in 
Fig  12.  Number  of  test  specimens  was  three.  Increase  of 
loss  is  within  about  plus  or  minus  2.0  38. 


3  4  Application 

This  heat -resistance  all  plastic  optical  fiber  has  been 
used  as  the  sensor  lead  wire  of  micro-wave  ovens. 

Conditions  of  cooking  food  in  micro-wave  ovens  is  monitored 
with  this  optical  fiber. 


Conclusion 

PUMA  APOF  itself  does  not  meet  the  requirement  of 
consumer  equipment.  We  have  developed  PUMA  APOF  cords 
and  silicon  APOF  which  meet  the  requirement  of  consumer 
equipment.  These  cords  will  be  used  in  consumer  field 
widely. 
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ABSTRACT 

The  increasing  sophistication  of  elevator 
systems  requires  precise  transmission  and 
increased  information  carrying  capacity. 

This  report  describes  the  development,  of  a 
composite  elevator  traveling  cable  containing 
optical  fiber  subunits  and  the  results  of  testing 
and  field  performance.  Optical  fiber  units  were 
introduced  into  the  conventional  manufacturing 
processes  required  to  produce  elevator  traveling 
cables.  The  cable  design  itself  is  consistent 
with  designs  which  have  functioned  in  the  elevator 
environment  for  the  past  twenty  years. 

This  cable  is  currently  in  sorvico  with  the 
optical  fibers  providing  video  transmission  from 
an  elevator  car  to  a  security  command  post 


1  NTRODIJCT  ION 

Elevator  traveling  cables  provide  the  power, 
control,  and  communication  link  to  the  elevator 
car  With  increasing  demand  and  sophistication  of 
elevator  systems,  improved  signal  quality  and 
greater  information  carrying  capacity  of  traveling 
cables  hns  become  necessary.  An  optical  fiber's 
immunity  to  electrical  and  electromagnetic' 
interference  allows  for  the  transmission  of  high 
quality  signals  to  and  from  the  elevator  car.  In 
addition,  an  optica]  fiber's  bandwidth  is 
significantly  greater  than  a  coaxial  cable  which 
enables  higher  bit  rates  and  longer  repeater 
spacings  Optical  fibers  in  elevator  traveling 
cables  could  provide  a  higher  quality  transmission 
link  with  the  elevator  car.  This  project's 
objective  was  to  manufacture  and  field  test  an 
elevator  traveling  cable  containing  optical 
f ibers . 


BASIC  ELEVATOR  DESCRIPTION 

The  basic  elements  of  a  typical  elevator 
system  are:  drive,  counter -weight .  elevator  car, 
compensating  cable  or  counterweight  rope,  hoisting 
ropes.  Junction  box.  and  traveling  cable.  (See 
F igure  I ) 


As  a  general  rule,  the  elevator  car  is  connected 
to  a  counterweight  by  hoist  ropes  threaded  over 
one  or  more  sheaves  or  pulleys  located  in  the 
upper  reaches  of  the  elevator  hoistway.  The 
traveling  cable  provides  a  connection  between  the 
car  and  junction  box.  Signals  are  sent  via  the 
traveling  cable  between  the  elevator  car  and  the 
controller.  The  compensating  cable  with  one  end 
connected  to  the  counterweight  and  the  other  to 
the  bottom  of  the  car.  provides  dynamic  balance. 

The  elevator  traveling  cable  is  suspended  in 
a  U  shape  between  the  bottom  of  the  car  and  the 
junction  bo:;  at  the  middle  or  upper  part  of  the 
elevator  hoistway.  Multiple  cables  may  be 
necessary  .  o  supply  the  required  electrical 
circuits.  The  cahles  must  be  flexible  and  torsion 
free  in  order  to  travel  within  the  limited  space 
in  the  hoistway  as  the  car  ascends  and  descends  in 
rapid  vertical  motion. 

High  rise  buildings  necessitated  the 
development  of  high-speed,  high  utilization 
elevator  cars.  This  demanded  more  sophisticated 
traveling  cables  with  respect  to  electrical  and 
mechanical  performance.  Traveling  cable 
performance  considerations  include  minimal 
deflection  during  travel,  constant  loop  diameter, 
and  long  term  flex  life. 
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The  elevator  hoistway  is  subject  to 
significant  en vi ronnen ta 1  conditions  such  as 
temperature,  wind,  and  undesirable  physical 
contamination.  Traveling  cables  are  required  to 
conform  to  UL,  CSA.  NEC  and  other  regional  and 
local  building  codes. 

State  of  the  art  traveling  cables  contain  18 
AWG  conductors  for  control  circuits.  14  AWG 
conductors  for  constant  current  circuits,  shielded 
20  AWG  conductor  pairs  for  telecommunications  and 
electrostatically  protected  circuits,  and  coax  for 
video  and  data  requirements.  Figure  2  shows  a 
representative  cross  section. 


These  components  were  successfully  incorporated 
into  a  traveling  cable  that  is  consistent  with  the 
design  integrity  that  has  been  in  use  for  over  20 
years.  The  cable  weight  and  outer  diameter  had  to 
be  sufficient  to  provide  protection  to  the  optical 
fibers  yet  allow  for  optimum  traveling  performance 
and  operating  characteristics. 

The  optical  subunits  were  manufactured  using 
100/140  jj  m  fiber.  This  fiber  type  is  typical  for 
short  distance  applications  where  attenuation  and 
bandwidth  requirements  are  not  critical.  (See 
Table  I) 


ELEVATOR 
TRAVELING  CABLE 

Figure  2 


CARLK.SPEC 1 F 1 CAT  I ONS 

A  prototype  traveling  cable  was  built  to 
evaluate  construction  and  field  performance.  The 
components  chosen  for  the  prototype  cable  were  18 
gauge  conductors.  20  gauge  shielded  pairs,  and 
fiber  optic  subunits  (See  Figure  3) 


TABLE  I 


FIBER  SPECIFICATIONS 

Fiber  Type 

Multimode  Graded 
Index 

Core  Diameter 

100  p  m 

Clad  Diameter 

140  p  m 

Coated  Outside  Diameter 

900  p  m 

Numerical  Aperture 

0.29  •  .015 

Ten  strands  of  Kevlar  49  and  a  polyurethane  jacket 
were  used  to  increase  the  optical  subunit's 
strength  This  produced  a  component  compatible 
with  the  copper  components  in  the  prototype  cable 
as  well  as  created  a  rugged  subunit  that  could 
withstand  the  rigors  of  cable  assembly  and  field 
operation  (See  Figure  4  &  Table  11) 


ELEVATOR  TRAVELING  CABLE 
CONTAINING  OPTICAL  LIBER 


FIBER  OPTIC 
SUBUNIT 


Figure  3 


F i gore  4 


i 
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TABLE  II 


TABLE  IV 


SUBUNIT  SPECIFICATIONS 
Number  of  Fibers 
Attenuation  (850  nm) 

Bandwidth  (850  nm) 

10  Strands  of  Kevlar  491420  Denier 
Flame  Retardent  PUR  Jacket 
Subunit  0D 
Subunit  Weight 

Crush  Resistance  (between  parallel 
plates,  minimum  value  for  negl  i 
gible  attenuation  increase  after 
force  removed) 

Storage  Temperature  Range 
Operating  Temperature  Range 
Max.  Tensile  Load  for  Installation 
Max.  Tensile  Load  Long  Term 
Min.  Bend  Radius  for  Installation 
Min.  Bend  Radius  Long  Term 


1 

G.O  dB/km 
100  MHz  km 

.  8  mm 

3.6  mm 

12  kg/km 
550  N/cm 


40  to  *70°C 
-20  to  *70°C 
300  S 
50  N 
8  cm 
4  cm 


The  cable  was  composed  of  a  steel  central 
■ember  for  vertical  support,  copper  conductors, 
shielded  twisted  pairs,  the  fiber  optic  subunits, 
electrical  grade  jute  fillers,  rayon  braid  over 
the  core,  and  an  overall  sheath  of  flame  retardant 
polyvinyl  chloride.  The  cable  was  designed  to 
comply  with  UL  and  CSA  regulatory  specifications 
for  flexible  cords  and  cables  with  an  exception 
made  for  the  optical  fibers.  The  cable’s  natural 
loop  diameter  and  flexibility  was  to  be  similar  to 
that  of  comparable  designs  not  containing  optical 
fibers.  (See  Table  III) 


TABLE  III 


!  CABLE  SPECIFICATIONS  1 

Construct  ion : 

49  conductors  18 
gauge  3  shielded 

pairs  20  gauge  •  4 
optical  fibers  * 
steel  core 

Outer  Diameter: 

34.3  mm 

Weight  : 

1206  kg /km 

Voltage  Rating: 
Operating  Temperature 

300  volts 

Range : 

Natural  Cable  Loop 

20  to  •B0°C 

Diameter • 

t.O  meter 

Traveling  Speed- 

Up  t  o  4  50  meter  m  i  ti . 

IN  HOUSE  TESTING 

The  tensions  and  c  e u t  r  i  f  u  g  a  1  f  o r  c  e s 
encountered  in  conventional  cabling  equipment  for 
elevator  cable  were  a  <;  o  n  r  e  r  n  d  u  ring  c  able 
assembly.  The  cahle  was  assembled  on  conventional 
planetary  cabling  equipment  with  no  special 
precautions  taken  for  the  fiber  subunits.  The 
optical  fiber  subunits  were  tested  with  an  OTDR 
prior  to  and  after  the  cabling  process  to  ensure 
performance  was  not  compromised  The  fibers 
showed  a  slight  average  increase  in  attenuation  of 
.14  dR/ km  possibly  due  to  microbending  from 
stresses  encountered  during  cable  manufacturing. 
(See  Table  IV) 


ATTENUATION  (dB/km)  #  850  mm 


FIBER 

SUBUNIT 

BEFORE  CABLING 
PROCESS 

AFTER  CABLING 
PROCESS 

1 

3.  14 

3.29 

2 

3.23 

3.34 

3 

3 . 19 

3 . 29 

4 

3.31 

3.51 

NOTE:  OTDR  used  for  Attenuation  Measurements 


After  the  cable  was  assembled  and  jacketed, 
physical  tests  were  performed  to  determine  if  the 
cable  could  withstand  cyclic  flexing.  A  flexing 
apparatus  simulating  the  vertical  motion  of  an 
elevator  traveling  cable  was  used  for  in-house 
testing.  The  test  apparatus  was  specifically 
designed  to  duplicate  the  actual  motion  an 
elevator  traveling  cable  would  see  during  normal 
operation.  The  equipment  develops  cable  speeds  of 
70  meters/ m  i  n.  and  passes  a  sufficient  length  of 
cable  through  a  92  cm  loop  to  simulate  an  elevator 
car  in  an  upper  and  lower  position  in  the 
hoistway.  (See  Figures  5A  and  B) 


VERTICAL  CABLE  F LEXER 
Figure  5A 
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VERTICAL  CABLE  FLEXER 
Figure  5B 

Throe  6  motor  lengths  of  cable  wore  attached 
to  t  h e  flexor  for  evaluation.  The  copper 
conductors  were  connected  in  series  and  a  voltage 
was  applied  to  monitor  conductor  performance.  The 
optical  fiber  was  checked  for  continuity  every 
75.000  cycles.  Because  of  the  short  test  length, 
other  performance  characteristics  of  the  fiber 
were  not.  evaluated.  All  conductors  and  fibers 
remained  continuous  over  a  1.6  million  cycle  test 
period . 

A  horizontal  test  simulating  U  bending  and 
straightening  of  elevator  traveling  cable  was 
performed  to  determine  if  failure  would  occur. 
(See  Figures  6A  and  B1 


HORIZONTAL  CABLE  F LEXER 
Figure  6A 


HORIZONTAL  CABLE  FLEXER 
Figure  6B 

This  test  is  similar  to  the  test  required  by 
Underwriters  Laboratories  for  endurance  flexing  of 
elevator  traveling  cable.  Two  2  meter  lengths  of 
cable  were  continuously  flexed  for  over  3  million 
cycles.  The  fibers  were  checked  for  continuity 
every  200.000  cycles.  Because  of  the  short  length 
of  the  cable,  optical  tests  were  not  performed. 
All  fibers  remained  continuous  throughout  the  test 
per  iod . 

FI_E  kQ  -INSTALLATION 

The  building  selected  for  field  testing  has  a 
rise  of  40  floors,  cable  traveling  length  of  80 
meters,  and  car  speed  of  150  meters  minute.  This 
car  completes  60.000  to  100.000  cycles  of  travel 
annually.  The  traveling  cable  was  installed  in 
April  1985  by  elevator  mechanics  using  standard 
installation  procedures.  In  August  1985.  the 
fibers  in  the  traveling  cable  were  fusion  spliced 
to  fibers  in  an  interconnecting  cable  at  the 
junction  box.  The  interconnecting  fiber  optic 
cable  completed  the  connection  between  the 
junction  box  and  the  security  center.  Splice  loss 
was  measured  with  an  0TDR  at  850  nm  and  averaged 
0.5  dB.  OTDR  traces  on  all  fibers  were  linear 
with  no  signs  of  localized  attenuation. 

Thn  fibers  were  checked  in  August.  1986  using 
an  OTDR  with  similar  results.  All  fiber  traces 
were  linear  with  no  localized  attenuation  nor 
apparent  change. 

In  October  1986  one  of  the  fibers  was  put 
into  service  transmitting  video  signals  from  the 
elevator  car  to  a  video  recorder  /  mon  i  t  or  at  the 
security  center.  The  transmitter/receiver  require 
a  system  bandwidth  of  15  MHz  and  allow  for  a  loss 
budget  of  15  dB.  Actual  loss  for  this  particular 
system  Is  approximately  6  dB.  Signal  reception 
from  the  fiber  was  clearly  superior  to  that  on  the 
coaxial  cable.  No  changes  in  OTDR  traces  were 
detected  while  the  car  was  in  use. 
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Th e  t hr eo  spare  fibers  were  checked  with  an 
OTDR  on  August  18.  1987.  There  were  no  signs  of 
degradation  in  the  fibers  and  no  increase  in  loss 
at  the  splice  points.  Video  reception  from  the 
working  fiber  remained  at  its  high  level  of 
qua  1  i  ty 

(OX(:h;s]un 

Optica!  fibers  have  bee/i  successfully 
incorporated  in  a  conventional  elevator  traveling 
cable  utilizing  standard  manufacturing  techniques. 
More  than  3  million  horizontal  and  1.6  million 
vertical  cycles  of  in  house  testing  have  been 
conducted  with  no  failures.  The  traveling  cable 
with  optical  fibers  has  been  performing  in  the 
field  since  April  198  f»  with  the  fibers 
transmitting  video  signals  since  October  1986. 
Periodic  testing  with  an  OTDR  indicated  linear 
traces  with  no  localized  attenuation.  The 
electronics  company  responsible  for  the  system 
reports  excellent  results  with  the  fiber  without 
typical  coaxial  associated  concerns  such  as  ground 
loops  or  spikes  and  interference  from  AC  motors 
and  radio  frequencies. 

Considering  the  success  to  date  with  video 
transmission,  the  future  requirements  of  more 
sophisticated  and  advanced  elevator  systems  could 
he*  met  through  the  incorporation  of  fiber  optics 
in  elevator  traveling  cables. 
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ABSTRACT 

We  have  successfully  developed  a 
coiposite  fiber-optic  traveling  cable 
for  elevators  to  which  a  new  cable 
design  was  applied  taking  the  special 
requirements  into  consideration. 
Various  tests  were  performed  to  check 
its  electrical,  mechanical  and 
environmental  characteristics,  and  the 
satisfactory  results  were  obtained  in 
these  tests. 

The  number  of  elevator  cables  can 
be  decreased  by  utilizing  this  new 
elevator  cable  because  of  its  large 
trasmission  capacity  and 
electromagnetic  interference  immunity. 

Furthermore,  the  use  of  this  cable 
makes  it  possible  to  provide  new 
services  such  as  transmission  of  video 
signals  and  integrated  elevator 
control  systems. 


INTRODUCTION 

Elevator  cables  are  installed 
between  elevator  control  room  on  the 
top  of  a  building  and  elevator-caqe . 
Generally  4  to  8  cables  are  used  in 
one  elevator  system  and  their  lengths 
are  about  100m  as  shown  in  Figure  1. 

With  the  increase  of  high-rise 
buildings  and  improvement  of  elevator, 
precise  elevator  control  and  providing 
of  new  services  such  as  transmission 
of  video  signals  and  integrated 
elevator  control  systems  are  demanded. 
Conventional  cables  for  elevator  are 
unable  to  satisfy  these  needs,  because 
they  have  problems  such  as 
susceptibility  to  electromagnetic 
interference  from  power  lines  and 
increasing  total  cable  weight. 

The  point  of  our  development  is  how 
to  achieve  the  mechanical  properties 
comparable  to  conventional  metallic 
cables.  The  number  of  cables  can  be 
reduced  by  half  by  exploiting  large 
transmission  capacity  characteristics 
of  an  optical  fiber,  so  the  total 
cable  weight  can  be  decreased. 

We  have  developed  a  new  elevator 
cable  based  on  the  accumulated  knowhow 
of  elevator  cable  design  and 


manufacturing.  In  order  to  evaluate 
the  mechanical  characteristics,  tests 
of  tensile,  bending.  compression, 
impact,  heat-cycle  and  so  on  were 
made.  During  these  tests,  transmission 
loss  increase  of  optical  fibers  were 
scarcely  observed  under  practical  use 
condi t l ons . 

As  shown  in  Figure  1,  the  elevator 
cable  must  follow  the  movement  of 
elevator-cage  in  the  shape  of  II- 
bending . 


Elevator  control  room 


Figure  1  Model  of  the  elevator 
cable  system 
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We  have  obtained  qood  results  in 
the  5,000,000  time  continuous  0 
bendinq  test,  which  is  most  important 
among  the  mechanical  properties  for 
practical  use.  Transmission  loss 
fluctuation  durinq  U  bendinq  test  was 
less  than  0.1  dB . 


CABLE  DESIGN 

Design  Keguireients 

Basic  design  requirements  on  the 
new  elevator  cable  are  as  follows. 

ia)  The  cable  should  be  easily  handled 
and  installed  in  the  same  manner 
as  conventional  elevator  cables. 


(b)  Under  practical  use  conditions,  i* 
should  have  qood  transmission 
characteristics. 

(c)  Maximum  suspending  ienqtn  at  the 
cabl e  is  200m . 

( d )  In  case  of  the  cable  suspending, 
the  cable  should  not  be  twisted. 

Cable  Structure 

The  structure  of  the  new  cable  is 
shown  m  Figure  2  and  Table  .  so 
FVC-  insulated  wires  arid  2  optical 
fiber  cords  are  stranded  around  a 
central  tension  member.  The  cable 
diameter  is  about  3  3  mm  and  the  weight 
is  about  1.17  k  q  /  ra ,  but.  it  is  very 
flexible.  Loop  diameter  set  in  the 
static  flexibility  test  ;s  about  Jv  0 
mm,  as  shown  in  Eiqure  3. 


Optical  fiber  cord 


Figure  2  Structure  of  composite  fiber-optic  traveling 
cable  for  elevator 


Table  1  Construction  of  the  cable 


Fiber 

Type 

Silica  type  multi  mode  fiber 

Core 

50iim  in  dia. 

Ci addi ng 

1 2  Sum  in  d  i  a  . 

Bu f  f er 

Silicone  resin  400pm  in  dia. 

Jacket 

Nylon  0.9ram  in  dia. 

Cab  1  e 

No . of  fiber 

2 

No. of  PVC 
insulated  wire 

50 

Tension  member 

Steel  wire  rope  4.0mm  in  dia. 

Sheath 

Elastmer  sheath  31mm  in  dia. 

Weight 

1.17  kg/m 

International  Wire  &  Cable  Symposium  Proceedings  1987  317 


I 


Tabie  2  Test  methods  and  target  values  ol  various  cable 
characteristic’s 
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;  /  )  ;JOnd  1  na 


Figure  3  Situation  of  static 
flexibility  test 


/HAkACTKR  1 3T1CS  OF  CABLE 

-he  mechanical  and  thermal  tests 
were  performed  to  simulate  external 
forces  that  the  cable  .  s  expected  to 
encounter  durir.a  installation.  Table  2 
shows  the  testing  methods  for  various 
mechanical  and  thermal  characteristics 
and  their  target  values. 

"wo  fibers  in  *  he  fabricated  cable 
were  spliced  to  form  i  loop  and  the 
loss  variation  durinq  a  test  wa?. 
measured  usiriq  a  LED  .  icjht  source  of 
0.8S  nm  wavelength. 

1  ■  '  Tens  lie  test 

The  test  results  are  shown  in  Table 
3.  Load  at  breaxage  was  more  than 
/GOOkqf  and  elonqation  at  breakage  was 
about  /  .  4 v. .  Fluctuation  •  n 
transmission  loss  was  hardly  observed 
up  to  'ust  De/ore  the  breakage. 


Table  3  Tensile  characteristics 
of  the  cable 


Temp  . 

C  ) 

No 

Load 

(kgf  ) 

El onqat l on 

CU 

5  <J 

(dB) 

7 

2, 840 

2. 9 

0 

30 

2 

2,850 

3  .  1 

0 

3 

2, 850 

2  .  B 

0 

1 

2,  470 

2 . 9 

0 

♦  25 

2 

2, 270 

2 . 8 

0 

D 

2,310 

2.9 

0 

1 

2,210 

2 . 9 

0 

♦  60 

2 

2,160 

2. 9 

0 

3 

2,  200 

2  .  7 

0 

The  test  results  are  shown  in 
r;gure  4.  Transmission  loss  increase 
was  observed  when  “ne  cable  is  bent  by 
hand.  The  minimum  bending  diameters 
were  1  OOrara  at  -  *s0*  ,  60mm  at  room 
temperature  and  20mm  at  6 O' 


Figure  4  Beading  characteristics 
of  the  cable 


.  i)  Compression  test 

The  test  results  are  shown  tn 
Figure  5.  Tansraission  loss  fluctuation 
was  observed  when  the  pressure  was 
applied  via  a  board  of  SOmm  length. 
The  loss  fluctuation  was  less  than 
d  .  7dB  under  1 OOOkqf  load  and  residual 
t.  r  3nsmi  ssi  on  loss  chance  was  net 
observed  alter  the  load  was  removed. 


Figure  5  Compression  characteristics 
of  the  cable 
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Loss  mcreis#  (d  B) 


(4)  Impact  test 

The  test  was  carried  out  using  a 
metal  column  of  25ram  diameter  and  the 
results  are  shown  in  Table  4.  Loss 
variation  was  less  than  0 . 1 dB  even 
when  metallic  core  was  broken. 


Table  4  Impact  characteristics 
of  the  cable 


Weight  of 

column 

No. of  times  at  me¬ 
tallic  core  broken 

i  a 

(dB) 

39 

0 . 06 

26 

0 .04 

• . 5  kqf 

30 

0.02 

25 

0 . 03 

38 

0 . 02 

7 

0 .04 

7 

0 . 04 

3.0  kqf 

5 

0.01 

8 

0 .03 

9 

0.01 

•  Flexure  test 

There  was  no  breakaqe  of  fiber 
observed  after  the  cable  was  bent 
lopcatedly  S  0  times,  and  significant 
.oss  fluctuation  was  scarcely 
observed . 

s'  II  bending  test 

The  test  results  are  shown  in 
F.qure  6.  '"he  loss  fluctuation  was 
less  than  0  .  * dH  during  S. 000,300  time 
continuous  U  bend  inn. 


(7)  Temperature  cycling  test 

The  test  results  are  shown  in 
Figure  7.  The  loss  fluctuation  was 
less  than  0.05dB  in  the  temperature 
range  of  -30V  -  +  60V.  In  the  practical 
temperature  range,  this  cable  was 
confirmed  to  be  quite  stable. 


Figure  7  Temperature  characteristics 
of  the  cabl e 


CONCLUSION 

A  composite  fiber-optic  traveling 
cable  for  elevator  has  been  developed. 

This  new  cable  design  has  been 
applied  to  actual  elevator  cables  on 
the  field.  So  far  40  elevators  have 
been  running  with  new  elevator  cables 
without  any  trouble.  It  is  found  that 
optical  fibers  can  be  applied  to  very 
flexible  cables  as  well  as  rigid  type 
cables . 


Figure  6  U-bending  characteristics 
of  the  cable 
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A  Compnrat  ive  Stability  Stmiv  Related  tn  the  Pertormance  of 
PF/P.J  and  K'J’PR  ri  1  1  in>:  (loinp^unds 


A.  W.  Stratton 


T.  .1.  Roesshv 


J.  D.  Burkhard 


Wit  O'  Corporation 
Pet r o 1  i  a  ,  PA 


A  -i>.  ve  ir  stmiv  was  conducted  tv'  compare 
the  p«.  r:  v’fnaiu  e  of  cellular  insulations  when 
•  to  a  hiyh  oil  content  Extended  Thermo- 

pla-civ  Rubber  UiTPR)  filling.  c.-rnpousni  and 
u.\oi  i  t<’  a  PK.  P  I  filliny  compound.  A 

;  .  :  :  on-Msue  property,  namely  capacitance,  wa- 
o*«  to  •".•-niter  liie  test  cells.  As  expected, 
the  Pi'  PI  compound  did  not  cause 
ov  ;  o',  i  •  ; ,  .-nl  i'i>  in  capaeitance.  Hov- 

■  ient  the  HTPK  .-empounvi  <  aused  a 

•i.-niti.  t  incr«.u-v  in  capacitance. 


V.<  ?•  i  j  -  r.st:  i  sz:-.  hue*  hei  n  proposed  to 
v  >.  :•  .i  in  i\-.  o'.!  !  i  !  1  i  n  c  phenomena  t  li.it  occurs 
v.  .  e!e.;ar  insulation  is  vxpiscd  ,  t  fiilini; 

.  mp.-nnd-  .r.der  certain  condition^.1  A  dv  - 
:  .  i  i  I*,  d  t‘ i  pt  i  ell  ot  the  cell  till  inc  process 

;  v.'i:  :  the  s  ope  i>i  thi-  paper.  In  this 

-^tub.,  vt  ac.  eptid  that  cell  tilling  van  on  nr 
.  ia  '-o.-:e  median  i  sm  and  would  result  in  the  re- 
1  i.i>  rru'iit  ot  ,iir  in  tin*  cellular  insulation 
tic.  tv.e'n  j .  traction  ot  the  tilling,  coir.- 
;  !;  i  in.  r«-,i  .<  d  dit  !e<  tri«  w.-n!*!  »  au.-e 

,!•>  i  n  the  «  upav  itan-.  ••!  \  test 


lie  .  :  i.  .  t  ot  p*.  t  r.  iatu-:  i  ■  *  -  *.  v :  t  i  I  !  inc 
an-!  ••  to.,-.  PI'./P.i  >  up.-rs  '  •  lalar  in-u!.i- 
■  ien  -  ha  :n  »  a  -tmlied  hv  ev»  »'.» !  inve-t  i.i- 
t  i-  -  .  1  -  Me  *  aie  in  .i/n  er.eiit  t;.it  while 

t  re  at -ir;  ha  .«  d  c e~peuud  -  will  i;a\.  a  t.r.ii  n.  v 
T>  til;  <  V  ■  at  elevated  t  .  "lpe  Y  a  t  *  l  f  O  s  ,  under 
tn  : '  i  *  •  1 1 1  .  ml  it  i  ■  -n  n  •  si  ,ni  t  i>  ant  . .  «  !  1  t  i  i  !  in,* 
u  ;  ]  ■  •  .  ur  .  I.a  -t  v.  ar,  F.ny.  1 «  liar ;  and  Have  .  1 

uportvd  tii.at  at  i  ten  •. .  a  r  et  arvi. 

:  a;  ;  >•  til!.!  wife  a  ;■«  t  re  !  f  t  tir;  bus«d  .  .  «:*-pt -imd 
w*  I  n- ■  ;cni:i  anl  in.  r«  a  .  in  oapa.  itan.  e. 


In  1980,  Mitciiell  and  Sabia  introduced  a  new 
type  ot  filling  compound  to  the  industry. ^  This 
compound  was  an  oil  based  material  containing  a 
styrene  block  copolymer  and  polyethylene.  Today, 
this  type  of  filling  compound  is  beinc  referred 
to  as  an  Extended  Thermoplastic  Rubber  or  KTPR 
compound.  Mitchell  and  Sabia  studied  the  impact 
of  various  oils,  unmodified  petrolatum,  and  the 
high  oil  content  KTPR  compound  on  various  insu¬ 
lation*-  at  70°C ( 1  58° !')  . 

The  objective  of  our  study  was  to  c.'rii'.irr 
the  cell  f  i  1  1  tin-,  tendencies  of  a  PK/P.I  compound 
will:  that  of  an  F.TPR  compound  at  elevated  tem- 
I'vr.ihiri  s  and  at  ambient  conditions. 

test  Cel  1  IVsci  i  at  ion 

In  t  h i  -  study,  it  was  decided  to  utilize  a 
functional  property,  namely  capacitance,  to  moni¬ 
tor  the  affect  of  the  filling  compounds  upon  the 
insulation.  To  accomplish  this  in  our  laboratory, 
our  -tudv  used  a  test  cell  that  was  designed  by 
.  J.  Kaufman.'  A  diagram  of  the  test  cell  is 
prv-entej  in  Figure  1. 


/ 


-y 


Fit!.  : 

Fhe  i  "st  ..lj-  were  .  .>n>t  nuto!  hv  first 
-older  ini’,  the  No.  1*  .  opper  wife  inside  t  he 
vopper  pipe.  llien,  let’,  ft  et  Ot  tin  conductor 
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to  be  tested  was  coiled  around  the  pipe  with 
three  inches  of  conductor  extending  tangentially 
at  each  end.  The  conductor  was  taped  to  the 
pipe  at  each  end  to  hold  it  in  place.  One  end 
of  the  conductor  to  be  tested  and  one  end  of  the 
No.  14  copper  wire  were  soldered  to  the  bottom 
contacts  of  a  banana  jack  which  was  mounted  in 
a  pi  ex ig las  disc.  The  other  end  of  the  conduc¬ 
tor  to  be  tested  was  not  connected  and  was  long 


enough  to  extend  above  the  surface  of  the  cable 
filler  being  evaluated.  The  second  end  ot  the 
No.  14  copper  wire  was  connected  to  a  brass  holt 
mounted  in  and  extending  above  the  plexiglas 
disc.  Test  cells  were  constructed  in  duplicate 
for  five  sets  of  conductors,  with  two  different 
filling  compounds,  and  two  test  temperatures. 

In  addition,  test  cells  were  constructed  that 
were  not  exposed  to  filling  compound  and  were 
used  as  controls. 

The  cable  filler  to  be  tested  was  heated 
to  127°C  (260°F)  and  then  300  grams  of  material 
were  poured  into  a  600  ml  beaker.  The  beaker 
was  conditioned  in  an  oven  at  104°C  (220°F) 
overnight.  The  assembled  test  cells  were 
placed  in  the  cable  filler  and  the  assembly 
was  allowed  to  come  to  the  test  temperature 
(70°C  or  ambient).  This  procedure  was  carried 
out  for  each  conductor  and  both  filling  com¬ 
pounds  . 

After  five  hours  at  the  test  temperature, 
the  capacitance  of  each  cell  was  measured  using 
a  Doric  C -Me ter  Model  130A.  The  brass  bolt  of 
the  test  cell  was  connected  to  a  ground  wire. 

The  connection  between  the  test  cell  and  the 
C-Meter  was  a  patch  cord  with  double  banana 
plugs  at  each  end.  The  capacitance  of  the 
patch  cord  connector  was  subtracted  from  the 
total  capacitance  to  give  the  capacitance  of 
the  test  coil. 


Filling  Compounds  Tested 

Two  types  of  filling  compounds  were  used  in 
this  study.  One  was  a  PE/PJ  compound  and  the 
other  was  an  ETPR  compound.  The  properties  of 
the  two  compounds  are  presented  in  Table  2. 


Table  2 


Properties  of  Filling  Compounds  Studied 


ETPR 

PF./P.1 

D127  Drop  M.P.,  °C 

95.5 

96.3 

D3236  Apparent  Vis.  @  L30*C,  cps 

28.7 

12.9 

D445  Vis.  <3  130°C,  SUS 

162 

81 

D937  Consistency ,  dram 

119 

56 

D150  Diss.  Factor  @  1  MHz 

0.0003 

0.0005 

D150  Dielectric  Constant  @  1  MHz 

2’U  14 

9  x  10  * 

2.17 

D257  Volume  Resistivity,  ohm-cm 

2.2  x  10 

Slump  @  65°C 

Pass 

Pass 

Data  and  Discussion 

The  capacitance  of  each  test  cell  was  meas¬ 
ured  on  a  weekly  basis  for  the  first  three  years 
of  the  study.  At  that  point  in  time,  evaluation 
of  the  test  colls  at  70°C  was  concluded.  Test¬ 
ing  continued  on  the  ambient  test  cells  for  a 
total  time  period  of  six  years,  however,  during 
the  last  three  years  of  the  study  measurements 
were  made  on  a  monthly  instead  of  weekly  basis. 
The  capacitance  of  the  control  cells  changed 
less  than  17  during  the  study  (312  weeks). 
Figures  2-7  present  the  per  cent  gain  in  capaci¬ 
tance  versus  time  for  the  various  Lest  cells. 


Conductors  Tested 

Test  conductors  were  provided  by  two  cable 
manufacturers.  These  materials  consisted  of  a 
foamed  polypropylene,  a  skin-foam  medium  density 
polyethylene,  and  a  skin-foam  high  density  poly¬ 
ethylene.  The  Lest  conductors  are  described  in 
Tab! e  1  . 


Table  1 


Description  of  Conductors  To 

st  ed 

Set  No. 

Gauge 

Dose r 1 pt  ion 

Expansion 

1 

22 

Foamed  Polypropylene 

32 

2 

19 

Foamed  MDPE-White 

28 

3 

39 

Foamed  MDPE-Vel low 

44 

4 

24 

Skin-Foam  HDPE-Blaek 

45 

5 

24 

Skin-Foam  HDPE-Cora 1 

3« 

Fid.  2 

Figure  2  shows  that  for  the  foamed  poly¬ 
propylene  the  PE/Pd  compound  and  the  ETPR  com¬ 
pound  have  similar  cell  filling  tendencies  at 
70°C.  However,  under  ambient  conditions  there 
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is  a  significant  difference.  The  increase  in 
capacitance  with  the  ETPR  compound  at  ambient 
approaches  that  of  the  ETPR  compound  at  70°  C, 
approximately  30%.  This  value  compares  with  an 
increase  of  approximately  1%  for  the  PE/PJ  ma¬ 
terial  at  ambient. 


1 
* 
\ 

2 

► 

I 


MOPt  jy* 


FIG.  3 


(average  of  white  and  yellow),  for  the  PE/PJ 
compound.  It  should  be  noted  that  the  foamed 
MDPE  showed  the  highest  per  cent  increase  in 
capacitance  for  the  PE/PJ  compounds  at  ambient. 
Figure  5  presents  the  capacitance  increases  at 
ambient  for  the  white  and  yellow  foamed  MDPE  in 
ETPR  and  PE/PJ  compounds.  There  is  an  approxi¬ 
mate  10%  difference  in  capacitance  increase  be¬ 
tween  the  PE/PJ  compound  and  the  ETPR  compound. 


Figures  3  and  4  present  similar  data  for 
the  samples  of  while  anti  ve  l  1  ow  foamed  medium 
density  polyethylene.  Again,  the  PE/PJ  and  the 
ETPR  compounds  showed  similar  cell  filling  tend¬ 
encies  at  70°C.  Pntjer  ambient  conditions  the 
ETPR  compound  caused  an  approximate  IV  increase 
(average  of  white  and  w 1  I ow)  in  capacitance. 
This  compares  to  an  approximate  4  '■  increase 
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SKIM-TOAM  MOPE 


FIG.  7 


Figures  6  and  7  present  the  capacitance 
increase  versus  time  curves  for  the  samples 
of  skin-foam  HDPE  conductors.  As  in  the  pre¬ 
vious  cases,  the  ETPR  and  PE/PJ  compounds 
both  caused  significant  capacitance  increases 
at  70°C.  The  cell  filling  tendencies  of  the 
two  compounds  at  ambient  are  significantly 
different.  At  ambient  the  conductors  exposed 
to  the  ETPR  compound  showed  an  approximate 
20?:  capacitance  increase  as  compared  to  the 
increase  for  the  PE/PJ  material. 


rr<;. 


8 


FIG.  9 

Figures  8  and  9  present  a  comparison  of  the  dif¬ 
ferent  conductors  when  exposed  to  PE/PJ  (Figure 
8)  or  ETPR  (Figure  9)  filling  compounds  at  am¬ 
bient.  Figure  8  shows  that  of  the  three  types 
of  conductors  exposed  to  PE/PJ  at  ambient,  the 
skin-foam  MDPE  showed  the  highest  capacitance 
increase  (~  57).  Figure  9  shows  that  of  the 
three  types  of  conductors  exposed  to  ETPR  at  am¬ 
bient,  the  skin-foam  MDPE  showed  the  lowest  ca¬ 
pacitance  increase  (~  157)  which  was  significant¬ 
ly  higher  than  that  obtained  with  the  PE/PJ  com¬ 
pound  . 

Cone  1 usiens 


Test  conductors  exposed  to  an  ETPR  filling 
compound  at  ambient  showed  a  significant  increase 
in  capacitance  over  a  six  year  period.  Test  con¬ 
ductors  exposed  to  PE/PJ  filling  compound  at  am- 
b ient  showed  very  little  gain  in  capac i t ance  . 

Tli is  indicates  that  the  high  oil  content  ETPR 
filling  compounds  cause  significantly  higher  cell 
filling  of  cellular  insulation  than  do  PE/PJ  com¬ 
pounds  . 
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Woodbridge,  New  Jersey 


ABSTRACT 

The  telephone  network  is  evolving  at  an  ever 
increasing  pace  into  a  very  sophisticated  commun¬ 
ication  and  data  transmission  facility.  Cables 
employed  as  the  backbone  of  this  network  must  be 
extremely  reliable  and  designed  in  a  manner  to 
provide  many  years  of  trouble-free  service  life. 

As  cable  designs  change  and  advances  are 
made  in  material  technology  it  become  increas¬ 
ingly  important  to  review  the  field  performance 
of  tnese  design  changes  and  the  test  procedures 
used  to  predict  field  behaviour. 

In  this  paper  we  will  discuss  some  further 
modifications  to  design  changes  to  further  im¬ 
prove  o"erall  performance  and  we  shall  comment  on 
some  specification  requirements  and  testing  pro¬ 
cedures  presently  in  use.  Correlation  of  labora¬ 
tory  sheath  evaluation  tests  with  large  scale  in¬ 
stallation  simulations  provide  data  relative  to 
the  usefulness  of  these  tests. 


cable.  In  paper  insulated  cable,  the  catastroph¬ 
ic  effects  are  obvious.  Plastic  insulated  cable, 
while  generally  able  to  tolerate  a  less  moisture 
resistant  sheath,  can  suffer  severe  impairment  of 
transmission  properties  if  an  excessive  amount  of 
moisture  is  permitted  to  enter  the  cable  core. 
This  has  been  sufficiently  covered  in  previous 
papers,  such  as  by  Metcalf1, Cox  et  al2  and 
Olszewski  et  al^.  Many  service  requirements  also 
necessitate  an  extra  degree  of  mechanical  pro¬ 
tection  from  attack  by  gophers  or  insects,  or  to 
provide  resistance  to  crushing  or  penetration  by 
rocks,  hard  digging  operations  or  other  hazards. 
This  has  also  been  adequately  treated  in  prior 
1 i terature. 

It  is  during  installation  tnat  the  cable 
sheath  many  times  undergoes  its  most  severe 
test.  Tne  rigors  of  placing  a  cable  can  result 
in  sheath  damage  far  greater  than  may  be  encoun¬ 
tered  during  the  service  life  of  the  cable.  Tne 
damage,  in  some  cases,  may  manifest  itself  only 
after  the  cable  circuits  are  put  in  service. 


INTRODUCTION 


The  primary  function  of  a  cable  sheath  is  to 
electrically  and  mechanically  protect  the  trans¬ 
mission  conductors  against  conditions  which  would 
jeopardize  their  function.  This  function  must  be 
accomplished  during  installation,  splicing  and 
throughout  the  service  life  of  the  cable. 

With  regard  to  splicing,  the  cable  compo¬ 
nents  must  certainly  be  compatible  with  all  other 
components  of  the  splice  closure.  The  cable  must 
lend  itself  to  joining  to  the  closure  in  a  manner 
that  is  consistent  with  the  environment,  instal¬ 
lation  conditions  and  the  service  application  of 
the  cable.  This  may  be  to  merely  provide  protec¬ 
tion  from  the  weather  or  to  be  leak-tight  under  a 
head  of  water. 

During  the  service  life  of  the  cable,  the 
sheath  must  protect  the  core  from  moisture  and 
other  contaminants  to  the  degree  necessary  for 
proper  circuit  performance.  Much  has  been  writ¬ 
ten  about  the  effects  of  moisture  in  telephone 


This  paper  will  deal  primarily  with  sheath 
designs  and  their  relationship  to  the  rigors  en¬ 
countered  during  installation  including  jacket 
slippage  of  filled  cables,  sheath  buckling,  low 
temperature  cable  stiffness  and  jacket  zippering^ 
on  bonded  sheath.  We  will  briefly  consolidate 
data  from  previous  experience  and  discuss  solu¬ 
tions  to  some  problems  encountered  during  instal¬ 
lation.  We  will  also  discuss  how  some  of  these 
solutions  gave  rise  to  some  unanticipated  prob¬ 
lems. 


Finally,  this  paper  will  center  on  a  few  key 
parameters  for  sheath  components  as  well  as  some 
design  technioues  that  will  maximize  the  ability 
of  the  sheath  to  perform  its  function.  We  will 
present  tne  rationale  for  selecting  tensile  yield 
as  well  as  flexular  modulus  as  two  si gni f icant 
properties  of  the  cable  jacket.  The  effects  of  a 
adhesive  polyolefin  bridging  tape  will  provide 
the  design  engineer  with  an  option  that  can  sig¬ 
nificantly  reduce  the  risk  of  damage  during  in- 
stal  lation. 
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CABLE  INSTALLATION  AND  BACKGROUND 


Outside  plant  cable  is  installed  in  three 
di fferent  manners  -  aerially,  directly  buried,  o- 
i n  duct.  The  most  predominant  design  for  aerial 
application  is  still  unfilled  plastic  cable 
either  in  a  Figure  8  configuration  supported  by 
special  clamps  or  in  a  round  configuration  lashed 
to  a  support  strand.  No  significant  problems 
have  been  encountered  in  the  installation  of 
plastic  cable  in  an  aerial  plant. 

Direct  Burial 


For  direct  burial,  the  chief  method  of  in¬ 
stallation  is  by  cable  plowing.  During  the  years 
when  the  predominant  design  for  direct  burial  was 
Aircore  PIC,  no  installation  problems  of  major 
consequence  were  encountered.  The  polyethylene 
jacket  is  a  fairly  tough,  abrasion-resistant 
material  well  able  to  withstand  the  rigors  of 
plowing.  The  introduction  of  filled  cable  in  the 
early  1970's  added  variables  to  the  plowing  pro¬ 
cess  which  resulted  in  a  significant  increase  in 
the  incidence  of  sheath  damage  problems.  The 
reasons  for  this  were  discussed  by  Pehrson4,  and 
measures  to  minimize  the  impact  of  these  new 
variables  were  discussed.  One  of  the  chief  prop¬ 
erties  of  a  filled  cable  is  the  virtual  incom¬ 
pressibility  of  the  cable  cross  section.  Ue  re¬ 
peat  the  illustration  of  this  phenomenon  in 
Figures  1  and  2  below  for  easy  reference. 

The  problems  of  added  weight  and  resultant 
increased  friction  were  further  discussed  by 
Lawler  et  al5.  in  some  cases  cable  plowing,  par¬ 
ticularly  during  hot  weather,  resulted  in  jacket 
si  ippage.  This  was  attributed  to  the  ease  with 
which  sheath  components  moved  relative  to  one 
another  when  subjected  to  the  tensions  of  cable 
plowing  especially  in  ASP  designs  where  there  was 
no  bonding  between  jacket  and  shield  such  as  with 
the  FPA  sheath  design. 

This  problem  was  solved  by  the  use  of  heavi¬ 
er  jackets  and  by  use  of  jacket  materials  with 
higher  tensile  yield  than  that  afforded  by  Low 
Density  Polyethylene  { LDPE ) . 

Linear  Low  Density  Polyethylene  (LLDPt) 
which  was  introduced  for  a  different  purpose, 
nonetheless  afforded  higher  protection  against 
sheath  slippage  by  virture  of  its  higher  yield 
strength.  Mid-to-Medium  Density  compounds 
afforded  a  higher  level  of  protection  but  suf¬ 
fered  from  the  disadvantage  that  they  were 
stiffer  and  therefore  more  difficult  to  handle, 
particularly  at  lower  temperatures. 


Ci rcumference 

=  Td 

=  9.43  inch 

Area 

=  7.C7  sq.  in 

4 

FIGURE  1 

Assume  a  3  inch  diameter  circle  is  deformed 
to  an  ellipse  with  a  2  inch  minor  diameter 
but  maintaining  the  same  area. 


Area  =  'Tt'aD  =  7.U7  sq.  in. 

If  b  =  1  inch 

Then  a  .-  7  .07  =  2.25  inches 

IT 

Circumference  =  2 ?T  -yj  a?  +  b? 

=  2.25?  ♦  1? 


=  10.94  inches 

The  circumference  is  1.51  inches  or  16i- 
greater  than  the  circle. 


FIGURE  2 
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Duct  installation 


For  duct  Installation,  problems  surfaced 
when  more  and  more  large  cables  were  introduced 
into  the  underground  plant.  In  the  years  prior 
to  World  War  II  lead  sheathed  cable  was  exten¬ 
sively  employed.  For  installation  in  underground 
duct,  much  care  was  required  to  ensure  that  the 
cable  was  straight  and  properly  aligned  at  the 
entrance  to  the  duct  since  lead  was  a  relatively 
unforgiving  material.  After  the  war,  polyethyl¬ 
ene  was  increasingly  used  for  both  underground 
and  direct  buried  plant.  The  relatively  small 
pair  sizes  coupled  with  the  fact  that  polyethyl-: 
ene  is  much  more  flexible  eliminated  the  need  for- 
extraordinary  care  during  duct  installation. 
Whereas  the  C-bend  configuration  was  extensively 
employed  for  lead  sheathed  cable,  S-bend  and  side 
payout  configurations  come  into  increased  use  for 
plastic  sheaths.  These  were  more  severe  than  the 
C-bend  configuration. 

Yanizeski  et  al*>  discussed  the  problems  of 
buckling,  kinking  and  torsion  damage  as  cable 
pair  sizes  increased.  In  that  paper,  the  use  of 
a  bonded  stalpeth  sheath  was  proposed  to  elimi¬ 
nate  the  problems.  While  this  was  a  significant, 
step  in  reducing  the  incidence  of  sheath  buckling 
this  solution  gave  rise  to  jacket  zippering 
problems.  The  concept  of  a  bonded  steel  sheath' 
was  extended  to  filled  PIC  cable  in  1984  by 
Mitchell  et  al7. 

FORCES  ON  THE  CABLE  SHEATH 


We  have  identified  direct  burial  cable  plow¬ 
ing  and  pulling  cable  into  duct  as  the  more  rig¬ 
orous  of  the  installation  methods. 

Many  of  the  forces  encountered  in  both  in¬ 
stallation  techniques  are  similar.  Where  differ¬ 
ences  are  encountered  they  will  be  treated 
separately. 

Cable  plowing  is  basically  as  represented  in 
the  diagram  of  Figure  3.  At  points  1,  2,  and  3 
the  forces  are  primarily  compressive,  resulting 
in  stresses  at  the  shield  overlap  as  depicted  in 
f  Figure  4.  In  an  unbonded  sheath,  the  force  due 

to  the  increase  in  sheath  circumference  is  dis¬ 
tributed  evenly  around  the  cable.  If  a  notch,  or 
step,  is  introduced  at  the  shield  overlap,  great¬ 
er  stresses  are  concentrated  at  that  point  in¬ 
creasing  the  probability  of  jacket  separation. 


When  the  sheath  stretches 


If  the  bonding  of  the  shield  to  the 
jacket  is  incomplete,  stresses  are 
concentrated  at  that  point. 

FIGURE  4 

If  the  jacket  is  bonded  to  tne  shield,  all 
jacket  movement,  to  accommodate  the  changing  cir¬ 
cumference  due  to  cable  deformation,  is  confined 
to  the  area  of  steel  overlap,  creating  very  high 
stresses  in  the  jacket.  Any  step  or  notch  in  the 
jacket,  particularly  where  a  steel  edge  is  pre¬ 
sented,  will  be  prone  to  zi pperi ng .  As  illus¬ 
trated  in  Figure  2,  the  circumferential  increase 
for  a  3"  diameter  cable  may  be  as  much  as  1.5". 
If  the  bonding  is  uniform  around  the  circumfer¬ 
ence  of  the  sheath,  this  may  represent  no  large 
problems.  If,  however,  a  1/4"  portion  is  un¬ 
bonded,  then  the  elongation  of  the  sheath  would 
be: 


1,S"_:-2S"  X  100  =  50U« 


> 
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PROBLEM  SOLUTIONS 


In  most  cases,  this  figure  is  well  within 
the  elongation  limits  for  polyethylene  jacket. 
Any  step,  or  notch  at  that  point  will  signifi¬ 
cantly  impair  the  ability  of  the  jacket  to  with¬ 
stand  rupturing. 

At  point  4  of  the  plowing  process,  signifi¬ 
cant  friction  forces  are  introduced.  As  dis¬ 
cussed  in  Ref.  4  the  friction  on  the  sheath  could 
result  in  longitudinal  force  as  great  as  700 
lbs.  This  force  may  be  sufficient  to  cause 
jacket  si  ippage. 

Duct  installation  can  be  roughly  represented 
by  the  diagrams  in  figure  5.  As  discussed  by 
Yanizeski®,  the  C-bending  method  is  the  least 
punishing  on  the  cable,  resulting  mainly  in  re¬ 
verse  bending  forces  within  the  duct.  For  the 
S-bend  method  additional  compressive  and  friction 
forces  are  generated.  In  most  cases  these  are 
quite  similar  to  the  forces  seen  in  cable  plow¬ 
ing. 


It  is  in  the  side  payout  method  that  forces 
not  encountered  in  plowing  are  introduced.  Here, 
the  cable  is  subjected  to  bending  and  torsion  as 
it  is  payed  off  the  reel  and  turned  into  the 
entrance  to  the  duct.  Torsional  buckling  may 
quite  often  result  under  these  conditions'! 


The  response  by  the  wire  and  cable  community 
to  the  problems  generated  by  new  cable  designs 
and  by  increased  use  of  larger  size  cables  was 
comprehensive.  Table  I  provides  a  quick  over¬ 
view: 

TABLE  I 

INSTALLATION  PROBLEMS  AND  SOLUTIONS 


Problem 


Solutions 


1)  Filled  cable  jacket 
si i ppage  during 
pi  owi  ng . 


2)  Sheath  buckl inq 
during  duct  in- 
stallation. 

As  we  discussed  previously,  the  solutions  to 
the  original  problems  resulted  in  significant  re¬ 
ductions  in  the  incidence  of  those  problems.  The 
Medium  Density  jacket  provided  an  excellent  solu¬ 
tion  to  the  jacket  slippage  problem  but  suffered 
from  the  drawback  that  it  increased  cable  stiff¬ 
ness,  particularly  at  lower  installation  tempera¬ 
tures.  Clearly,  caDle  stiffness  needed  to  be 
addressed. 

General  Cable  Company  has  taken  a  step  in 
that  direction  by  defining  additional  parameters 
for  polyethylene  sheath.  In  a  previous  paper®, 
we  proposed  that  tensile  yield  be  selected  as  a 
key  parameter  for  the  polyethylene  jacket.  The 
adoption  of  this  proposal  by  the  wire  and  cable 
community  is  evidenced  by  its  inclusion  in  cur¬ 
rently  available  specifications®.  It  is,  how¬ 
ever,  debatable  whether  specifying  different  ten¬ 
sile  yield  limits  for  different  densities  of  com¬ 
pound  is  the  proper  course.  It  is  our  opinion 
that  tensile  yield  should  be  a  single  design 
limit  regardless  of  jacket  compound  density. 

At  the  time  General  Cable  Company  originally 
proposed  the  use  of  tensile  yield  as  a  design 
parameter,  choi ;e  of  jacket  material  was 
limited.  The  need  for  materials  with  higher  ten¬ 
sile  yield  necessitated  the  selection  of  mid¬ 
density  jacket  material .  Attendant  to  that 
selection  was  the  fact  that  cable  stiffness  in¬ 
creased,  particularly  during  cold  temperature 
months.  This  was  due  to  the  high  flexular  modu¬ 
lus  of  these  hgher  density  compounds.  Flexular 
modulus  of  140,000  psi  was  a  normal  reading  for 
some  of  these  materials. 

Today,  we  have  a  much  wider  choice  of  poly¬ 
ethylene  jacket  materials  and  it  is  not  necessary 
to  select  stiff  cable  jackets  in  order  to  provide 
more  rugged  cable  sheathing.  Compounds  are 
available  today  with  tensile  yield  above  2000  psi 


a)  Mid-density  polyethy¬ 
lene  jacket. 

b)  Thicker  low-density 
polyethylene  jacket. 

c)  Bonded  sheath. 

d)  Cable  temperature 
control 

a)  Bonded  sheath. 
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yet  with  flexular  modulus  readings  as  low  as 
60,000  psi  at  room  temperatures. 


The  Linear  Low  Density  jacket  compounds, 
while  not  going  as  far  as  the  mid-densities,  pro¬ 
vide  additional  toughness  vis-a-vis  Low  Density 
jackets. 

Table  II  summarizes  the  proposed  solutions 
and  the  new  problems  wnich  surfaced. 


TABLE  11 

SOLUTIONS  AND  NEW  PROBLEMS 


Sol ution 


New  Problem 


11  Mic'-density  poly- 
ethy1 ene  jacket. 

2)  Thicker  jacket. 

31  Bonded  sheath. 


a)  Somewhat  stiffer 
cable,  particularly 
at  cold  temperature. 

b)  Somewhat  stiffer 
cable,  particularly 
at  cold  temperature. 

c)  Increased  jacket 
zippering  at 
shield  overlap. 


Jacket  zippering  is  a  problem  that  appears 
to  have  increased  with  the  use  of  bonded  sheath. 
Certainly,  tne  stresses  introduced  by  the  trans¬ 
verse  forces  due  to  compression  play  a  signifi¬ 
cant  role.  Coupled  wi tn  the  "sawing"  action  of 
the  shield  overlap  edge  as  the  cable  is  being 
subjected  to  tension  and  torsional  forces,  they 
provide  a  formidable  reason  for  sheath  failure. 
The  proper  forming  of  the  shield  overlap  mini¬ 
mizes  the  probabilities  of  shield  penetration  in¬ 
to  the  jacket  wall  but  occasional  abberations  in 
the  shield  forming  process  can  occur.  Jacket 
zippering  occurs  frequently  enough  to  warrant  tne 
effort  for  further  improvements. 


In  order  to  address  the  zippering  problem, 
jacket  material  selection  alone  does  not  provide 
a  complete  solution.  The  underlying  shield  plays 
a  very  significant  role.  This  has  been  recog¬ 
nized  by  speci fyinq  acceptable  and  unacceptable 
steel  tape  overlaps®.  Figure  6,  taken  from  Ref¬ 
erence  8  is  an  example.  While  proper  forming  is 
a  key  factor,  there  may  still  be  instances  where 
penetration  of  the  shield  into  the  jacket 
occurs.  To  eliminate  any  possibility  of  jacket 
"injury"  by  the  shield.  General  Cable  has  adopted 
the  use  of  a  polyolefin,  chemically  modified  to 
impart  high  levels  of  adhesive  properties.  The 
adhesion  eliminates  the  possible  slipping  of  tape 
from  the  overlap  area.  The  use  of  this  bridging 
tape  has  virtually  eliminated  jacket  notching 
even  if  the  shield  is  poorly  formed.  This,  then, 
provides  an  extra  measure  of  safety  to  prevent 
sheath  splitting  as  a  result  of  compressive  and 
torsional  stresses. 


EVALUATION  TECHNIQUES 

As  a  result  of  the  problems  encountered  dur¬ 
ing  plowing  and  duct  installation,  the  wire  and 
cable  industry  developed  means  to  evaluate  not 
only  material  parameters  of  the  polyethylene  jac¬ 
ket,  but  also  completed  cable  tests  to  enable 
prediction  of  cable  performance  during  installa¬ 
tion.  Some  of  these  tests  are: 

Material 

Yield  Strength 

Cabl  e 


Sheath  Adherence 
Torsion  Test 
Cable  bend 
Impact  Test 
Jacket  Notch  Test 
Sheath  Slip  Test 
Column  Strength  Test 
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For  this  paper,  General  Cable  Company  per¬ 
formed  the  cable  tests  shown  as  well  as  a  large 
scale  test  to  simulate  the  rigors  of  plowing  and 
duct  instal lation.  We  also  determined  the  flexu- 
lar  modulus  of  each  jacketing  compound  as  an 
additional  correlating  factor. 

The  test  methods  employed  were  as  follows: 
Tensile  Yield  -  ASTM  D-638 


Flexular  Modulus  -  ASTM  D-790  Method  I, 
Procedure  A 


Sheath  Adherence  -  TR-TSY-0U04218 
Torsion  Test  -  TR-TSY-00U4218 
Jacket  Notch  Test-  TK-TSY-0004218 


Cable  Bend  -  Cable  is  bent  90“  around  a 

radius  and  the  pounds  force 
measured  and  recorded 


Sheath  Slip  Test  -  REA  Specification  PE-89, 
Appendix  II 


EVALUATION  SAMPLES 


we  selected  cable  measuring  roughly  2  inches 
in  diameter,  or  slightly  less.  To  assess  the 
various  sheatning  options,  we  also  selected 
cables  with  bonded  and  unbonded  sheath  as  well  as 
cables  witn  mid-density  and  low  density  polyethy¬ 
lene  jackets.  For  the  bonded  sheath  designs  we 
also  added  otner  variations  such  as  the  adhesive 
bridging  tape  and  also  steel  tape  overlaps  rang¬ 
ing  from  poor  forming  to  good  forming  as  previ¬ 
ously  shown  in  Figure  6.  Table  III  will  illus¬ 
trate  all  of  the  designs  and  variations  employed. 


TABLE  III 


Cable 

Sample  Description 


Jacket 


Shield 


1  600/26  Bonded 

PIC  ASP 


900/26  Bonded 
PIC  ASP 


600/24  Bonded 
PIC  ASP 


Mid-Density  No  edge  curl 
Good  forming 
No  bridging 
tape 


Linear  Low 
Density 


Good  edge 
curl 

No  bridging 
tape 


Mid-Density  a) 


b) 


c) 


d) 


f) 


Good  edge 
curl ;  No 
bridging 
tape 

Good  edge 
curl  with 
bridging 
tape 
No  edge 
curl  - 
good  form¬ 
ing;  No 
bridgi ng 
tape 
No  edge 
curl  - 
good  form¬ 
ing  with 
bridging 
tape 
No  edge 
curl  - 
poor  form¬ 
ing;  No 
bridging 
tape 
No  edge 
curl  - 
poor  form¬ 
ing  with 
bridging 


tape 

900/26 

PIC  ASP 

Linear 

Low 

Den  si ty 

Good  edge 
curl ;  No 
bridging  tape 

900/26  FIC 

ASP 

Mid-Density 

Good  edge 
curl ;  No 
bridging 
tape 

600/24  PIC 

ASP 

Linear  Low 
Den si ty 

Good  edge 
curl  ;  No 
bridging 
tape 

900/26  PIC 
A1  peth 

Linear  Low 
Den si ty 

Std.  sheath 

No  bridging 
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TEST  RESULTS 


TABLE  IV 


Sample 

Jkt. 

Dens. 

Flex. 

Mod. 

Shield  Type 

Cable  Bend 
(Lbs./ln2 

ITT — rT7 

1 

.94 

74,700 

Bonded  Steel 

9  4 

2 

.93 

40,000 

Bonded  Steel 

8.9  4.3 

3a 

.94 

74,700 

Bonded  Steel 

_ * _ 

3b 

.94 

74,700 

Bonded  Steel 

10.8  4.5 

3c 

.94 

74,700 

Bonded  Steel 

_ * _ 

3d 

.94 

74,700 

Bonded  Steel 

_  _  it  _  _ 

3e 

.94 

74,700 

Bonded  Steel 

9.0  3.3 

3f 

.94 

74,700 

Bonded  Steel 

_ * _ 

4 

.93 

40,000 

Steel 

7.7  4.5 

5 

.94 

74,700 

Steel 

5.0  3.6 

6 

.94 

63,800 

Steel 

4.2  2.1 

7 

.93 

40,000 

A1  uminum 

4.9  2.5 

*  Not  ' 

tested  for 

this  characteri Stic . 

TABLE  V 

Sample 

Jacket 
Den si ty 

Tensile 

Yield 

Notch 

Test 

Sheath 

Adherence 

1 

.94 

2100 

psi 

2051 

* 

2 

.93 

1700 

psi 

325s. 

* 

3a 

.94 

2100 

psi 

5151. 

■* 

3b 

.94 

2100 

psi 

9054 

* 

3c 

.94 

2100 

psi 

9704 

It 

3d 

.94 

2100 

psi 

4854 

* 

3e 

.94 

2100 

psi 

1704 

* 

3f 

.94 

2100 

psi 

1204 

* 

4 

.93 

1700 

psi 

4504 

17.4  lb/in 

8 

.94 

2100 

psi 

85U4 

42.6  lb/in 

6 

.94 

2100 

psi 

3804 

64.3  lb/ in 

7 

.93 

1700 

psi 

718.. 

23.6  Ib/in 

Sample 

Sheath 

Slip 

Torsion 

ITT  R.T. 

Plowing 

Test 

1 

* 

1080“ 

1080“ 

Good 

2 

* 

720“ 

720“ 

Good 

3a 

* 

— 

720“ 

Good 

3b 

* 

720“ 

720“ 

Good 

3c 

* 

— 

540“ 

Good 

3d 

* 

— 

720“ 

Good 

3e 

★ 

270“ 

90“ 

Zippered 

3f 

* 

— 

720“ 

Good 

4 

100  lb 

720“ 

720“ 

Jacket 

SI  ip 

5 

115  lb 

720“ 

720“ 

Good 

6 

130  lb 

720“ 

720“ 

Rippled 

7 

70  lb 

720“ 

720“ 

Good 

*  These  test  were  not  performed  on  bonded 
constructions. 


DISCUSSION  OF  RESULTS 

The  results  of  the  material  and  cable  tests 
are  illustrated  in  Tables  IV  and  V.  Table  IV 
shows  data  that  would  relate  to  the  bending  prop¬ 
erty  or  flexibility  of  the  cable.  In  an  effort 
to  provide  a  basis  of  comparison,  the  lbs  force 
to  bend  the  cable  90“  was  equated  to  cable  cross 
sectional  area.  Readily  apparent  are  the  follow¬ 
ing: 

1.  Bonded  constructions  are  less  flexible  than 
the  unbonded  sheath  designs. 

2.  Within  any  sheath  design  category  flexibility 
does  not  appear  to  be  a  function  of  density. 

3.  For  cables  with  flexular  modulus  of  75,000 
psi  or  ess,  flexibility  is  less  a  function 
of  jacket  compound  than  sheath  design. 

While  field  experience  has  certainly  verified 
that  cables  with  mid-density  jackets  have  been 
stiffer,  particularly  at  cold  temperatures,  this 
has  been  true  mainly  where  jacket  flexular  modul¬ 
us  has  been  in  the  area  of  12U.000  psi  or  great¬ 
er.  Our  results  suggest  that  flexular  modulus, 
rather  than  density,  is  the  parameter  of  choice 
when  cable  flexibility  is  of  concern.  In  addi- 
tion,  an  upper  limit  of  30,000  psi  is  indicated. 
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Table  v  exhibits  data  witn  regard  to  sheatn 
performance  wnert  tne  sheath  is  subjected  to  ex- 
cessive  stresses  as  might  be  encountered  during 
plowing  or  ouct  installation.  A  number  ot  points 
are  brougnt  to  tne  readers  attention- 

a.  .1  acket  zippering  occurred  only  in  tne  bonded 
sheatn  design  with  no  bridgi ng  tape ■ 

D.  Jacket  slippage  occurred  only  on  unbonded 
sheaths  with  Tow  den  sTty  polyethylene 
jackets. 

c.  Compliance  with  Sheath  Slip  Test  and  Sheatn 
Adherence  does  not  assure  against  jacket 
slippage  during  plowing. 

d .  The  Notch  Test  does  not  appear  to  be  a 

reliable  indicator  of  sheatn  zippering. 

e.  The  Torsion  Test  appears  to  oe  an  accurate 
indicate r  of  sheath  zipper i ng . 

f.  Sheath  Adherence  and  Sheatn  slip  testing 
appear  to  have  no  value  as  an  indicator  of 
cable  performance  during  installation. 

Figure  !  shows  a  typical  zippering  failure 
that  oc  urred  as  a  result  of  plowing  stresses. 

This  is  sample  Je  which  was  deliberately  produced 

to  simulate  a  poor  shield  overlap.  Without  a 

bridging  tape,  the  sheath  zippored  both  during 
tne  Torsion  Test  and  during  the  simulated 
plowing  duct  installation  test.  When  a  bridging 
tape  was  placed  over  the  same  poor  overlap,  tne 
sheath  withstood  a  severe  Torsion  Test  as  well  as 
tne  large  scale  simulation. 


1 


Vi 

FIGURE  / 


Of  interest  to  note  is  a  phenomenon  we  ex¬ 
perienced  on  a  number  of  samples.  In  tnese  cases 
the  samples  were  subjected  to  tne  Torsion  Test 
and  exhibited  no  apparent  sheath  failure.  After 
a  number  of  days,  however,  separation  of  the 
sheath  along  the  edge  of  the  overlap  was  evi¬ 
dent.  It  appears  that  zippering,  in  some  cases, 
may  be  a  slow  action,  starting  at  the  inner  sur¬ 
face  of  the  jacket  at  the  point  of  "injury”  and 
slowly  progressing  through  the  jacket  wall  to  the 
outer  surface.  This  is  illustrated  in  Figure  H. 
The  zippering  phenomenon  can  be  further  illus¬ 
trated  by  examining  the  displacement  of  a  point 
on  the  shield  overlap  along  the  longitudinal  axis 
of  the  cable.  Depending  on  the  degree  of  tor¬ 
sion,  the  displacement  can  be  significant. 


FIGURE  8 


In  our  apparatus  for  simulating  plowing  ana 
duct  i nstal 1 ation ,  the  cable  is  passed  tnrough  a 
guide  sheave,  after  which  it  is  passed  over  and 
through  a  series  of  sheaves  which  may  be  locked 
into  position  to  increase  the  stress  on  the 
cable.  Pulling  tension  is  controlled  by  means  of 
adjusting  the  back-tension  at  the  pay-out  reel. 
Sheath  buckling,  as  shown  in  Figure  9,  is  pro¬ 
duced  in  the  same  fashion  as  in  actual  field  con¬ 
ditions.  As  shown  in  Table  V,  sheath  damage  was 
produced  when  the  following  conditions  existed: 

1.  Shield  edge  "injury"  to  the  inner  surface  of 
the  jacket  was  evident. 

2.  Low  density  jacket  on  an  unbonded  sheath. 
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flGURE  9 


CONCLUSION 

From  the  data  developed,  a  number  of  points 

are  readily  apparent: 

1.  Cable  stiffness  is  more  a  function  of  sheath 
make-up  and  bonding  than  of  jacket  density. 

2.  To  minimize  the  effect  of  the  jacket  on  cable 
flexibility,  material  with  flexular  modulus 
of  80,00(1  psi  or  less  should  be  selected. 

3.  Polyethylene  jacket  density  should  not  be  a 
parameter  employed  to  select  or  reject  a 
candidate  material  . 

4.  To  minimize  the  tendency  of  the  jacket  to 
slip  during  plowing,  polyethylene  jacketing 
material  with  tensile  yield  of  2000  psi  and 
greater  are  preferable. 

5.  Where  a  bonded  sheath  design  is  employed  to 
provide  a  more  rugged  cable,  the  use  of  a 
bridging  tape  at  the  overlap  wi’l  provide  a 
significant  measure  of  protection  against 
jacket  zippering. 

6.  Sheath  Adherence  and  Sheath  Slip  testing  to 
have  no  value  as  an  indicator  of  cable  per¬ 
formance  during  installation. 

7.  Based  on  our  observations,  a  torsion  test 
limit  of  180°  minimum  should  provide  adequate 
assurance  that  zippering  will  not  be  encoun¬ 
tered  during  field  installation. 


In  this  paper,  we  have  attempted  to  show 
that  good  cable  sheathing,  particularly  for  pro¬ 
tection  during  installation,  is  a  function  not 
only  of  the  materials  selected,  but  how  these 
materials  are  made  to  act  together  to  result  in 
improved  performance.  This  is  certainly  evi¬ 
denced  by  the  contribution  of  Donded  sheath  de¬ 
sign  and  the  significance  of  a  bridging  tape  in 
the  performance  of  the  sheath. 

Also,  it  is  evident  that  plastics  technology 
has  progressed  beyond  the  point  of  using  density 
as  a  barometer  of  sheatn  performance.  The  con¬ 
tribution  of  tensile  yield  strength  and  flexular 
modulus  to  sheath  ruggedness  and  cable  flexi- 
bi 1 i ty  i s  clear. 

The  results  of  our  evaluation,  reported  in 
this  paper,  are  consistent  with  observations  made 
in  our  own  facilities,  and  in  the  field  over  a 
period  of  several  years. 
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PERFORMANCE  OF  HOPE  INSULATION  ANTIOXIDANTS  IN  FILLED  TELEPHONE  CABLE  APPLICATIONS 
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Atoalrasfc 

A  material  testing  procedure  has  been  used  to 
evaluate  high  density  polyethylene  insulation 
antioxidant  performance  for  filled  telephone 
cables.  To  simulate  the  filled  cable 
application,  the  testing  includes  aggressive 
conditioning  of  high  density  polyethylene  samples 
in  filling  compound  prior  to  oven  aging.  This 
filler  conditioning  greatly  reduces  the 
antioxidant  functionality  of  existing  commercial 
f ormulat ions . 

Alternative  antioxidant  formulations  are 
reviewed  and  antioxidant  system  optimization  tc 
achieve  substantially  improved  performance  is 
demonstrated.  The  test  method  is  relatively 
simple  and  shows  good  repeatability .  The  test  is 
most  useful  when  used  as  a  screening  technique  in 
conjunction  with  long  term  cable  aging  studies. 
Good  correlation  with  improvements  demonstrated 
with  foam/skin  insulation  samples  in  a  filled 
test  cable  confirms  the  utility  cf  this  approach. 

Introduction 


there  was  a  dramatic  decrease  in  190*0  Oxygen 
Induction  Time  associated  with  the  70*C  cable 
preaging.  As  a  result,  this  bench  study  was 
undertaken  to  identify  an  antioxidant  formulation 
providing  improved  f unct ionc 1 ity  after  filler 
exposure . 

Teat  Method 

The  test  method  is  detailed  in  the  appendix. 
The  sample  aging  procedure  parallels  the  cable 
aging  study.  Film  samples  of  selected  product 
formulations  are  prepared  and  are  preaged  by 
immersion  in  cable  filling  compounds  for  A  weeks 
at  70VC,  After  preaging,  the  samples  are  removed 
and  wiped  thoroughly  and  suspended  in  a 
circulating  air  oven  at  8Q'C.  Antioxidant 
£  unct  io.na  1  if  y  is  measured  by  190-;,C  copper  pan 
Oxygen  Induction  Time  at  selected  intervals 
during  the  test  cycle.  Sample  testing  includes 
an  initial  measurement  before  filler  exposure  a:.; 
testing  of  wiped  samples  after  14  and  2 8  days  -.r 
7 0°C  filler  immersion.  During  the  80*0  even 
aging,  samples  are  tested  at  2  week  intervals 
for  6  to  10  weeks  and  then  the  test  series  is 
ended . 


An  accelerated  aging  cable  testing  procedure 
has  been  developed  wnich  simulates  commercial 
applications  for  insulations  in  filled  telephone 
cables.  The  requirements  of  the  commercial 
application  and  details  of  the  test  method  are 
summer i zed  ir.  the  companion  paper  "A  Global  Test 
Method  for  Long  Term  Stability  cf  Solid  and  Foam 
(  Skin  Insulation".  A  distinctive  feature  of  this 

cable  test  is  a  substantial  preaging  requirement. 
The  filled  cable  sample  is  conditioned  for  four 
weeks  at  70°C  prior  to  removal  of  insulation 
samples  for  pigtail  testing  in  air  ovens. 
Comparison  to  field  samples  of  commercial  cable 
indicate  that  the  70°C  preaging  simulates  the 
commercial  application.  A  broad  sampling  of 
commercial  cable  exhibited  unexpectedly  rapid 
,  oven  aging  insulation  cracking  failures  when 

evaluated  with  this  new  testing  procedure. 

This  cable  testing  procedure  was  used  in  a 
study  of  insulating  materials  with  the  goal  of 
identifying  and  commercializing  products  with 
,  sub3tant ia 1 ly  improved  performance.  The  cable 

3tudy  is  summarized  in  the  companion  paper 
"Evaluation  of  Materials  for  Improved  Life 
Expectancy  of  Foam  Skin  Insulation."  As  the*  work 
evolved,  testing  of  insulations  revealed  that 


The  filler  preaging/oven  aging  sequence  is  an 
accelerated  simulation  of  the  commercial 
application.  Insulations  are  initially  expose! 
to  molten  cable  fillers  above  ICCT'C  in  the  cable 
jacketing  process.  Finished  cable  may  then 
experience  a  substantial  time/temperature  history 
with  direct  sunlight  exposure  in  warm  climates  as 
it  is  tested  and  stored  by  the  manuf act urer , 
transported,  and  stored  by  the  user.  The  four 
week  70*C  immersion  in  cable  filler  simulates 
this  cable  history  and  allows  sufficient 
insulation  tiller  interaction.  Subsequently,  *  he 
cable  is  installed  with  sections  ei  the  cable 
sheathing  removed  and  cable  filler  wiped  away  r  -• 
allow  insulated  wire  interconnections  at 
pedestals  and  other  junctures.  Internal 
t.emperatu  es  in  pedestals  are  often  substantially 
hotter  then  ambient  conditions,  with  maximum 
internal  pedestal  temperatures  ranging  from  5\  ■  ' 
to  70rtC  for  southwestern  United  States  locations 
cited  in  the  literature  ••  .  This  pedestal 
exposure  provides  a  severe  therma 1-oxidat ive 
environment  for  the  exposed  insulations. 
Accelerated  aging  temperatures  ranging  from  7 
to  1  '■iO'T  have  typically  been  used’'1'1  to 
simulate  the  pedestal  environment,  with  the 
relatively  moderate  temperature  of  80' C  being 


I 
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used  in  this  study. 

A  Dupont  Model  99C  Thermal  Analyser  with  a 
Differential  Scanning  Calorimeter  ceil  is 
utilised  to  measure  Oxygen  Induction  Time.  The 
1  9 C ' C  oeppe r  pan  induction  t ime  condition 
selected  provides  good  resolution  among  samples. 
Use  of  oxidized  copper  pans  is  consistent  with  a 
copper  conductor  insulating  application.  A  0.25 
millimeter  thick  film  specimen  was  selected  tc 
approximate  insulation  thicknesses . 

The  preparation  of  material  test  samples  is 
consistent  with  commercial  practice.  Lew  melt 
temperatures  are  usually  desirable  in  melt 
processes  to  minimize  product  degradation  and 
antioxidant  consumption.  In  addition,  high  melt 
temperature  is  unacceptable  for  cellular 
materials  production. 


The  perf crmance  of  the  existing  commercial 
HOPE  antioxidant  systems  was  investigated  first. 
A  two  component  system  (antioxidants  are  listed 
in  Table  1)  composed  of  a  primary  ant  iox  idar;t , 
AO-1,  and  a  metal  deact ivatcr,  MD— l,  was 
developed'  and  is  used  ccmner -ially  for  both  HDF 
solid  and  cellular  insulations.  Figure  1  shows 


1  0  Days  OIT  measured  before  fiber  exposure 

2  All  samples  formu  afed  with  0  16".  AO  t . G  1SS,  MD  t 
,n  Ethylene  Hexane  Base  Res> n  (  945  density  HOPE) 

3  Control  samples  aged  4  weeks  at  70  C  m  PE  PJ  filler 


A  sample  aged  without  filler  exposure  f  r 
t  '••u  r  weeks  at  7(:  °C  and  subsequently  a*  P>‘  •’  ^r.  w- 
i  gra  i  ial  decrease  in  induction  time.  In 

n*  ras t,  there  is  a  large  decrease  in  induction 
tire  associated  with  four  week  70°C  filler 
immersion.  For  the  preaged  samples,  the 
subsequent  depletion  of  the  residual 
f  :r:  -t  ionality  in  80°C  oven  aging  results  in 
induction  time  dropping  to  marginal  values  of 


less  then  5  minutes.  Several  mechanisms  could 
contribute  to  the  rapid  decrease  in  induction 
time  of  filler  preaged  samples  including: 

•  Migration  of  the  antioxidant  from  the 
insulation  into  the  cable  filler, 

•  Migration  of  filler  into  the  insulation 
where  it  would  serve  to  catalyze  degradation 
during  the  subsequent  9  0,=,C  oven  aging  and 
during  the  190cC  induction  time  test. 

•  Swelling  of  the  polyethylene  and  the 
presence  of  absorbed  filler  might  increase 
antioxidant  migration  losses  during  subsequent 
oven  aging . 


AO-1  Tetrakis  [methylene  3- < 3  ' , 5 ' -di-tert - 
but  yl  -4-hydroxypher,yl )  propionate]  methane; 

Trade  name:  Irgancx  10 1C;  Dita  Oiegy. 

AO-2  1 ,  3,  5-t  ris  (4  '  -  tert-L-ut y  1 ,  5  ' -hydroxy-2,  6  '  - 
dimet hylbenzyi ) isccyanurate;  Trade  Name:  Cyans x 
17  90;  Arne  r  i  can  Cy a n am  i  d 

AD-3  2,2'  -m.ethy ier.e-t  is  ( 4 -methyl- 6- ter t- 
butylpher.ol )  ;  Trade  Name:  Cyar.ox  2246;  American 
Cyanarr.id 

A  .  - 4  2,2'  -met  hy  ler.ee  i s  ( 4 -m.ethy  1-6-  ( 1  '  -mc-thyl- 

-y-i ohexyl)  phervl )  )  ;  Trade  Name:  N’r.cx  WJF  ;  I 'I 
Ar  e r  i  •:  a  s 

'  -b  i  s  [  3 -  ( <  ’ ,  c:  *  — 1 :  - 1  e  r  t  - fc  u  t  y  I  -  4  ’  - 
er.y I  )  t  r  g::;:ny;  hydrazine;  Trade  Name: 
t.  24,  Cita  Oiegy. 

MD— ?  N,N*- i.tenza  1  -  xa  ly  1  ii  hy  irazide;  Trade 
N  it*1 ;  DAF-H;  Eastman  Chemiral 

hydr  >xyphe:.y  1 )  p: . pionate;  Trade  name:  XL- 1 ; 

”r. :  r  ~  ya  I 

Figure  2  sh.ws  test  data  generated  at 
Teasing  levels  :  f  the  AD-1  primary 
an*  l-xidant  .  The  data  shows  that  substantial 
:i.  Teases  m  /.u-1  o  'ncerif  r .a*  ion  provide 

a*  .  vr*  I  y  r  i '  r  imp:  ov^ment  af'et  4  week  filler 
irmers:  .  When  '  -mp  a  red  tc  t  he  substantial 

improver**:'.*  ?  ir.  t  r.e  initial  induction  times 
ref  :**  filler  exp  sure,  *  h  i  s  result  suggests  that 
t*-lat*-'l  1  s:-’es  greatly  limit  the  AC 

The  MP-1  *■  mj  .  n‘*r.*  ’.as  primary  antioxidant 
t  un*'*  r  '■  r. a  1 1 1  y  an.  i  h a s  been  - omne :  c i a  1 1  y  promoted 
as  an  il  extraction  resistant  antioxidant.  This 
:  3  '■  rinvon'  with  test  data  presented  in  Figure 

'*  which  sh'  ws  i:.  Teasing  the  MD-1  component  to 
pi .vide  substantial  improvements  in  retained 
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zatiun  utter  the  4  week  tiller  immersion, 
d  perf  .rrrram;**  t  r.  ho  f-'.D- 1  is  consistent 
st  studies  ‘  ’  i  r.  re  i  pc  rat  i  ng  fillet 

of  insulation  samples  prior  to  oven 
Ccmpa r iscr.  o  C  the  i:..i  AC— 1  data 

the  or  set  vat  ic:.  that  A>i  may  be 
ole  tor  appli  Cv»t  r-  :.s  involving  extended 
w  it  h  c a b  1  *  *  till; : ;  t  c omp c : .  is  .  T \ ,e 

sxr  lanat  i ; i  s  l^ach  ing  ct  the  A-  I  Lv  the 
:  1 ier  and  u;rd  permanence  :t  the  XD-1. 


.t  -/ears  .'..rr.rir.ed  with 


..s:,'C  pr  vi. 


□  2?:  s  AO-1 

•  40-3  AO- 1 


70  C  Filler  ♦  # 

o  S  • 

-o 


20  30  40  50  60  70  80 

AGING  -  DAYS 

•  0  Davs  Oil  '"eas^bO  before  ■■  *.•»  t;xp-  -y 

2  PC  PJ  type  f.;<er 

3  Sarrpes  fonv0.a*.ed  with  ethy.ene  bast* 

resm.  and  C.-5-o  MD-i 


F  ciurf;  4 

MD-2  Perior'^3-'ce 


AGING  ■  DAYS 

‘  0  Days  OlT  •'•eus./ec:  oe’v**  4 

r  Pr  PJ  \p*  4  er 
3  Sardes  fcrm„.<veo  w  !•'  t*r»*  • 

rff.  n  arc  Q’8  :  AO  1 


O  .15  h-  MD  1 
♦  20.oMD-l 
o  25  o  MD  1 


70  C  Filler 


[  i  :  -  it  ^ .  .  •  . .  :  : 

!  >r:;  w»*r»-  jjpr  nohei  with  * 


10  20  30  40  50  60  70  80  90 

AGING  -  DAYS 

1  0  Days  OlT  measured  before  filler  exposure 

2  PE/PJ  type  filler 

3  Samples  formulated  with  ethylene-hexene  base 

resin  and  0  08%  AO-1 


t  ur.;*t  Mild'  *.ry  t  ■  A  — 1  I  .*  ex:.;:  ;  ♦  :  : 

a:.*  :  x:  iints  wen*  »»Vd  1  uaf  «...i  an  I  '  y:  .  ?!  i.v 

•1  :  hiving  ne  d  per."  ir.e:i-***  in  11:  ii; •  *  ; 
t  1  r  *d  poo  r  1  y  aft  r*r  filler  ■  -  : .  : .  •  :  . 

~t  lei  t  c*cf :i  vo  primary  ant  :  -'Xt-ian*  1  !•  n  i* 
A  —  1  providing  rn*  *  1 1  •  *♦>  M  s  i : .  i  .it-  *.  1  1 

and  imp- roved  pert  rr> an  -«•  1  f  t  , .  r  -.-a*  1  «•  fill*  r 
•  ■xp-  cure  has  nor  y**‘  P*  :!  1 . 
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Figure  5 

MD-3  Performance 


200  4 


2  j 

cr>  100  -fl 


o  System  #1 
♦  System  #2 


70  C 

Filler 


80°C  Air 


10 


20  30  40  50 

AGING  --  DAYS 


60 


70 


80 


1.  0  Days  OIT  measured  before  filler  exposure 

2.  PE'PJ  type  filler 

3.  Formulated  with  ethylene-hexene  base  resin 
System  #t:  0.15%  MD-3'0.18%  AO  1 
System  #2:  0.30%  MD-3 

Figure  6 

Alternate  Primary  Antioxidants 


AGING  -  DAYS 


instead  of  ethylene-butene  HDPE  feedstocks. 


The  most  recent  test  cable  series  includes 
ethylene-butene  HI  PE  cellular  materials 
incorporating  a  range  of  MD-1  concentrations. 
Preliminary  results  suggest  that  increasing  MD-1 
concentration  provides  the  most  or  all  of  the 
performance  improvement,  as  the  foam/skin 
insulations  incorporating  ethylene-butene 
cellular  appear  to  rival  ethylene-hexene 
cellulars  when  both  incorporate  the  same 
increased  MD-1  concentrations.  Samples  of 
insulations  fron  this  test  cable  were  tested  for 
1 90°C  oxygen  induction  time  and  the  data  is 
presented  in  Figure  7.  Samples  including  foam 
containing  lower  concentrations  of  MD-1  appear  to 
show  the  fastest  deterioration  in  OIT 
performance.  Samples  containing  lower 
concentration  of  MD-1  are  also  are  showing  the 
most  rapid  cracking  failure  trends  in  the  oven 
aging  studies. 


Figure  7 

Foam/Skin  Insula.ion  Aging  Stability 
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3.  Samples  formulated  with  ethylene-hexene 

HDPE  base  resin  and  0.15%  MD-1 

Cafela  Aging  Study  Inaulationa 

The  findings  of  this  study  were  incorporated 
int c.  the  accelerated  aging  cable  studies  on  an 
r.gomg  basis.  As  a  result,  experimental 
et hy lene -hexene  HDPE  cellular  materials  were 
formulated  with  increased  MD-1  antioxidant. 
Foam/skin  insulations  incorporating  this  foam 
showed  dramatically  increased  accelerated  aging 
life.  There  wa.s  uncertainty  about  whether  to 
attribute  the  improvement  to  the  optimisation  of 
stabilizer  or  the  use  of  ethylene-hexene  HDPE 


Cable  Flllar  Interactions 

Testing  r.t :  rm«ji  *  hat  the  decrease  in 
an*  iox:  iant  syrtem  functionality  wasn’t  specific 
*  the  filler  sample  or  filler  type  being 
evaluated.  Figure  H  shows  data  the  same  film 
sample  tested  wi*h  two  PE/PJ  based  compcun is  plus 
an  extended  t herm  -plast ic  rubber  (E7FF )  type 
filler.  There  is  basic  similarity  in  the  severe 
drop  m  induction  time  during  filler  immersion 
followed  by  qraiua.  iepletion  of  the  remaining 
functionality  during  oven  aging.  A  major  study 
■t  cable  filler  interactions  with  insulations 
abl  i  shed  .hat  ETPP  type  (Flexgel)  fillers 
exhibit  higher  diffusion  rates  (faster  absorbtion 
to  equilibrium)  into  HDPE  than  PE/PJ  type 
fillers.  If  ant ioxidant  leaching  is  a 
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significant  mechanism  for  loss  of  stabilizer 
functionality/  this  diffusion  rate  data  might 
explain  the  observed  differences  in  antioxidant 
functionality. 


Figure  8 

Cable  Filler  Comparison 
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Discussion 

Pedestal  field  cracking  tail  ures  ~f  density 

p  •••>  1  yet  hy  I  er.e  solid  i  nsu  1  at  i :  ns  we  re  first 
obs e  r  ved  :  r.  t  he  m ;  i  1  9 1 C  '  s  .  I  r»  ve  s  t  i  g  a  t  i  o n 
revealed  tha*  t  he  l~w  m .  le  Vila:  weight  phen.  1  * 
used  at  the  t.  irre  migrated  *  -■  t  he  insulation 
airfare  and  diffused  ir.t  ?  the  air.  P*?pl acer.e:.*. 
with  a  higher  weight  phenolic  counteracted  thm 
tendency  and  improved  performance.  In  the  late 
6  2  •  s ,  additional  cracking  failures  were  observed 
and  after  study  were  attributed  to  copper 
.-•ondu  "t  o  r  catalyzed  degradation.  Addition  of 
me*  a  1  dear*  iva*  r  :?t ah  i  1 1 ;:«=•  r?-  •  '  to  minimize  the 
'"pper  tatalytic  effect  corrected  this 
deficiency.  Additional  factors  complicated  the 
commercial  situation  with  the  development  of 
filled  cables  for  buried  plant  and  the 
introduction  . f  cellular  and  foam/skin 
insulations.  Use  of  chemical  blowing  agents  in 
cellular  pr- ducts  to  produce  foam  and  foam/ skin 
insulations  significantly  increased  the 
stabilization  requirements.  *•  The  tendency 
for  contact  with  cable  fillers  to  significantly 
detract  from  the  long  term  aging  performance  of 
insulations  was  also  well  documented.  • * 
Nevertheless,  overall  good  performance  and 
e-'onomics  of  foam  and  fram/3kin  insulations  led 
r  ,  widespread  commercialization. 


The  experimental  method  exhibits  good 
repeatability  with  control  samples  providing 
similar  results  and  performance  trends  repeating 
among  the  experimental  senes.  High  air 
turnover  of  the  vented  air  convection  ovens 
utilized  minimizes  the  potential  for  sample 
cross-'Cont aminat  ion  observed  with  more  3tatic 
tests  and  this  allows  higher  productivity  with 
limited  equipment  resources.  The  ovens  were 
tested  via  the  ASTM  D  2436-68  procedure  and  were 
vented  to  provide  about  200  air  changes  per  hour . 

It  is  believed  that  the  4  week  70°C  filler 
immersion  and  the  SO^'C  oven  aging  simulate  the 
requirements  for  oxidative  stability  of  filled 
cable  insulations.  Use  of  the  190°C  copper  pa:, 
oxygen  induction  time  to  measure  antioxidant 
functionality  is  more  cont roversial .  Pedestal 
aging  involves  st abi 1 izat ion  considerations 
associated  with  oxidation  of  a  solid  polyethylene 
while  the  oxygen  induction  test  measures  melt 
stability-  Indeed,  past  studies  have  shown  that 
extreme  miscalculation  can  result*  from 
Arrhenius  ext rapolat ion  of  melt  induction  time 
data  to  service  conditions.  However,  in  this 
study,  this  concern  is  largely  circumvented 
because  there  is  no  attempt  to  quantitatively 
extrapolate  induction  time  to  service  conditions. 
Rather,  induction  time  is  used  as  a  rough  measure 
of  antioxidant  functionality  changes  resulting 
from  filler  conditioning  and  oven  aging  at 
moderate  temperatures.  Specifically,  good 
retention  of  induction  time  during  filler 
immersion  and  oven  aging  is  very  favorable  and 
reflects  good  antioxidant  permanence  in  the  HD PE 
with  filler  contact.  Conversely,  a  dramatic 
decrease  m  induction  time  probably  reflects  \  "  r 
permane:.  *e  of  a  giver,  ant  i oxidant  system. 
Accelerated  cable  aging  studies  are  then  used  to 
more  precisely  evaluate  premising  system;?.  In 
a  .id:*  n,  it  should  re  noted  that  the  19?  C 
-y.yger.  induction  time  measurement  is  appropriate 
tr  measure  stabilization  for  melt  processing. 

Good  melt  stabilization  is  necessary  to  minimize 
polyethylene  degradation  lr.  the  product 
compounding  and  wire  insulating  melt  processes. 

It  is  recognized  that  the  19CC  oxygen 
induction  time  testing  would  be  inappropriate  t. 
antioxidants  that  exhibit,  poor  melt  stabilizator 
but  which  have  good  filler  permanence  and  prov: 
good  stabilization  at  the  lower  temperatures  of 
the  commercial  application.  Antioxidants  having 
this  charac'.e  r  ist  ic  would  consistently  exhibit, 
low  induction  times.  Stabilization  systens 
incorporating  such  antioxidants  would  need  to 
include  a  melt  processing  stabilizer  for  the 
product  cor  pounding  and  insulating  processes,  i: 
permanence  of  this  component  would  be  less 
import  ant . 


The  generally  favorable  ten  year  plus 
commercial  history  of  foam/skin  insulations 
decreases  the  likelihood  of  widespread  systematic 
failures.  This  most  recent  .study  suggests  that 
min^r  antioxidant  optimization  should  provide  a 
considerable  safety  margin  over  and  above  the 
existing  commercial  experience. 


The  bench  test  eliminates  many  variables 
associated  with  evaluating  antioxidants  in  long 
term  cable  aging  studies  and  this  provided  good 
experimental  repeatability.  Cabling  study 
variables  that  were  either  not  a  factor  r  less 
of  a  factor  in  this  bench  study  include: 
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•  Insulation  Materials  Production 

•  Insulating  Process 

Extrusion  Conditions 
Equipment 

•  Cabling  Process 

•  Additives 

-  Blowing  Agent 
Colorant  Masterbatch 

•  Test  Sample  Variability 

-  Cell  Structure 
Skin  Thickness 

Many  of  these  variables  are  interactive  and 
encompass  more  then  one  factor.  For  example, 
additive  variables  include  concentration, 
particle  size  and  dispersion,  and  composition  and 
impurities.  The  bench  test  also  improves  control 
of  cable  filler  composition,  age,  and  quality. 
Using  this  test  to  help  design  cabling  trials 
increases  the  likelihood  that  clear  performance 
trends  can  be  demonst rated . 

Both  colorants  and  especially  chemical 
blowing  agent  are  known  to  detract  from  oxidative 
stability;  but  while  the  stabi 1 i rat  ion 
requirement  is  increased,  the  need  tor  good 
polyethylene  antioxidant  functionality  after 
filler  exposure  remains.  With  minor  refinement, 
the  bench  techniques  could  be  adapted  to  study 
the  interaction  of  blowing  agent  or  colorant 
variants  or.  oxidative  stability  of  polyethy lenes 
with  filler  exposure. 


Coflclaaiona 

A  test  method  having  good  utility  for 
evaiuati'r.  ot  insulation  antioxidant  system  after 
•  ‘X:  sure  to  cable  fillers  has  beer,  presented. 

'.‘r.e  method  is  low  cost  and  simple  and  provides 
t  1  rej.  ea' at  1 1 1  it  y .  In  addition,  the 
relatively  fast,  test  allows  iterative  experiments 
leading  t  better  material?  refinement  prior  to 
the  major  expense  and  delay  of  cabling  trials  and 
insulation  aging  studies. 

Testing  of  a  commercial  HOPE  formulation 
reveals  that  the  primary  ant  i ox idant ,  AO-1, 
exhibits  a  high  loss  of  functionality  after  cable 
filler  exposure.  It  is  thought  that  the  AO-1  is 
l^-st  *  •■>  tiller  extraction.  Attempts  to  identify 
i  p  rirtary  ant  ioxidant.  having  subst  ant  la  1  ly  better 
j  ^rmar.ence  after  filler  immersion  were 
ur.su  :ces$ful ,  and  this  need  remains  outstanding. 
The  metal  deactivator  component,  MD-I,  appears  to 
have  much  better  permanence  aft€*r  filler 
immersion.  The  MD-l  has  primary  antioxidant 
functionality  and  appears  to  assume  the  major 
stabilization  burden  after  loss  of  the  AO-1 . 
detention  of  oxygen  induction  time  after  filler 
exposure  is  enhanced  by  antioxidant  system 
reformulation  to  favor  increased  concentrations 
of  MD-l.  Foam/skin  insulation  aging  studies 
described  in  a  companion  paper  confirm  that 


increased  MD-l  concentrations  lead  to  substantial 
increases  in  life  performance. 

Also  observed  in  this  study  was  significant 
variability  among  various  samples  of  cable 
fillers.  This  confirms  that  cable  manufacturers 
need  to  utilize  a  systems  approach;  specifying 
and  testing  specific  combinations  of  insulations 
and  cable  fillers  to  insure  good  aging 
performance.  Fortunately,  the  testing  method 
described  herein  provides  a  reasonable  capability 
to  optimize  cable  filler  materials  as  well  as 
insulations  prior  to  the  major  cost  and  delay  cf 
long  term  aging  studies. 

As  an  outcome  of  this  antioxidant  study  and 
the  ongoing  cabling  studies,  commercial  high 
density  polyethylene  solid  and  cellular  product 
formulations  have  been  optimized  to  provide 
increased  concentration  cf  the  MD-l  antioxidant. 
The  stabilization  of  the  cellular  products  was 
identified  as  the  weakest  link  in  current  high 
density  insulations  and  the  MD-l  concentration 
increase  in  the  cellular  products  was  on  the 
order  of  ICO*.  This  increase  should  provide  a 
suitable  safety  margin  as  compared  to  t  .un¬ 
satisfactory  10  year  commercial  history  •;  i  nr;  r 
formulations.  It  is  recommended  that  the  A'-i 
antioxidant  be  retained  in  the  insulation  pr.du't 
formulations  at  reduced  concentration  as  a 
cost  /effect  i  v »?  melt  processing  stabilizer. 

Primary  antioxidants  will  continue  to  be 
investigated  since  the  identification  cf  a 
cost /ef feet ive  alternative  to  AO-1  with  good 
filler  permanence  would  further  improve 
performance  and  economics. 
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sheet  into  specimens  afpr  .  x.r:  "ly  ^  mr.  4  j  a  r  e  . 
3.  Filler  Conditioning  it  Jangles 

Obtain  a  ref  -  reset-.'  -it  :ve  sample  ..  f  •  »r  !»■  i  ;1  .»*  r  ' 
Le  use-i.  Melt  and  it. ix  :ni  *e  filler  .i *  11':  ♦  j 

l-  minutes.  Ad  .i  at  f  r  -  x  :  rr.i*  y  17  jr  -c  ,f  •  j:.  .e 
t  i  1 1  *•  r  to  a  #f  d  r  .im  g  1  a  s  vial  ( a  f .  f  ;  x  i  r-t  *  e 

oaj  s  i.  bottles  and  f  ut  It  mjti  r.io  r  -  1  .  *  .  n  cap. 
<;•:  ."  M  M.  del  MP-.  o'-l  r  )  .  Wn-.-n 


Af'fr  5'irf.i^l  filler  hi?  t-.er,  1  he.  r  1  y 
fr.m  specimens,  place  specimens  on  h'  n  ct 
stainless  steel  wire.  Use  stainless  steel  beaus 
r;  et  we  or.  each  spec  irnen  tv  hold  them,  apart  and 
•-noire  g-  d  an  c  i  r  culat  i  .  All'W  Blue  M  M  .  de  1 

►•qualize  at  80 tlvC  with  venting  t  pr  vn:o 
appr- xim-it  ely  2  C n  air  changes  per  hour.  Ham 
stainless  ste^l  wires  f  o  suspend  s.  «?  rimers 
: :  r  lat  mg  air  even. 

l- .  c.vy ,.er.  Induct::.-.  Time  Testing 
l’se  a  Dupont  Model  9  9C  Thermal  Analyzer  w.th  a 
Module  II  Cell  Base  and  a  Differential  Scanning 
'a  1c r  im*»r er  module  or  equivalent  apparatus  to 
measure  oxygen  induction  time.  Cut  an 
approximately  8  milligram  test  specimen  and  place 
specimen  ir;  preexi  diced  copper  test  pan  and  into 
test  chamber.  Purge  with  Nitrogen  at  101 
cc/ir.inute  and  increase  temperature  to  19C'C  using 
isothermal  control  mode.  After  reaching  19C;C, 
“or.t  inue  purging  with  Nitrogen  for  approximately 
2  minutes  and  then  switch  to  lOOcc/minute  Oxygen 
flew  to  start  induction  time  period. 


ftpsrendi* 

Test  . j 

1.  Insulation  Materials  Preparation 

Weigh  ant  i  ex  i  darst  s  on  high  resolution  laboratory 
balance.  L’se  a  300  gram  Brabender  laboratory 
melt  mixer  or  equivalent.  Add  a  230  gram  charge 
cf  high  density  polyethylene  base  resin  and  flux 
at  low  RPM’s.  Reduce  mixer  speed  to  5  RPM  and 
carefully  add  the  antioxidant.  Increase  the 
mixer  RPM  to  120  RPM’s  and  hold  this  condition 
for  5  minutes.  Melt  temperature  should  stabilize 
at  170  t  10°C. 

2.  Test  Sample  Preparation 

Use  a  window  frame  mold  with  a  15  x  15  cm  opening 
and  two  stainless  steel  backing  plates  covered 
with  Mylar  sheets  mold  the  film  samples. 

Place  a  15  gram  charge  of  high  density 
polyethylene  into  mold  and  place  into  compression 
press  with  180°C  platen  temperatures.  Close 
press  at  low  pressure  for  4  minutes  and  then 
increase  to  maximum  pressure  for  2  minutes. 


6 .  M: seel laneous  Not es 

Always  include  set  :f  control  specimens  i : . 
each  experimental  series. 

Secure  adequate  supply  (10  liters)  of  each 
cable  filler  material  to  avoid  changing  filler 
samples  midway  through  a  study. 
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A  HIGH  PERFORMANCE  NONMETALLIC  SHEATH  FOR 
LIGHTGUIDE  CABLES 


('  J  .Arroyo,  i  ('  let)  Irina.  /’  I)  I’atrl 
ATiVT  1  It'll  Laboratories.  N  orcross,  Cleorgia  110071 


•t  ./  I ‘an  u  ska 

Al.V'1  Network  Systems.  Norcross.  (leorgia  AIH)71 


Mssritur 

A  flexible  y«t  rugged  nonmetallic  lightguidc  sheath 
has  hern  developed  for  ATATs  ribbon  and 
Light paek®  eahles.  In  this  design  two  types  of 
nonmetallic  strength  menihers  are  employed.  They 
are  rigid  epoxy-impregnated  glass  rods  and  flexible 
polymer-impregnated  glass  rovings.  The  new  sheath 
consists  of  two  layers  of  these  strength  menihers 
helically  applied  over  a  core  tube  followed  by  a  single 
high  density  polyethylene  jacket.  A  computer 
simulation,  based  on  an  analytical  model,  is  used  to 
optimize  the  placement  and  combination  of  the 
nonmetallic  strength  members.  The  design  offers 
excellent  optical  performance  over  the  temperature 
range  of  -10  to  8S  *  (’.  Results  of  qualification  tests 
performed  in  accordance  with  III  A  standard  show 
that  the  design  meets  or  exceeds  both  the  ATA'T  as 
well  as  Bellcore  requirements.  This  new  design 
provides  easy  handling  during  installation  and  is 
craft  friendly,  especially  during  express  entry.  A  l'l, 
classified  fire- resist  ant  riser  cable  that  provides 
distribution  between  two  or  more  floors  in  a  building 
is  also  available. 


1.  INTRODUCTION 

Historically,  outside  plant  cables  have  employed 
metallic  strength  members  to  withstand  first  (he 
rigors  of  cable  placement,  such  as  tensile  loads, 
crushing,  bending,  and  abrasion,  and  then  the 
environmental  hazards  over  the  life  of  the  cable.  The 
metallic  cross  ply  sheath!l!  is  available  for  the  ATATs 
Lightpaek®  cables1'2!  and  ribbon  cables. '*  However, 
metallic  sheath  components  are  susceptible  to 
lightning  and  power  crosses  such  that  metallic  sheath 
is  not  suitable  in  certain  applications.  A  nonmetallic 
sheath  provides  the  best  deterrent  to  lightning  and 
may  be  successfully  used  in  lightning  prone  areas  ' 
where  gnawing  rodents  are  not  a  threat.  For  areas 


*  Lightpaek  i>  a  Registered  Trademark  of  AT.VT 


where  both  rodent  and  lightning  protection  is 
desired.  ATA  T  s  primary  RL  sheath  s  is 
recommended.  Nonmetallic  cables  are  also  preferred 
for  long  span  aerial  applications  near  overhead  power 
lines.  6  *  >  ' 

In  a  typical  nonmetallic  sheath  design,  metallic 
Strength  members  are  replaced  with  nonmetallic 
ones,  as  shown  in  Figure  I.  Although  comparable  in 
performance,  nonmetallic  strength  members  are 
generally  more  expensive.  I  herefore  design 
optimization  is  crucial  to  achieve  an  economical 
design.  A  nonmetallic  sheath  offers  other  advantages 
too.  In  addition  to  being  lighter  in  weight,  the 
nonmetallic  sheath  is  particularly  attractive  for 
environmental  stability.  Furthermore,  the  need  for 
the  grounding  of  metallic  strength  members  and 
metallic  shields  is  eliminated  in  a  nonmetallic  design. 


KICUKK  I.  CROSSPI.Y  NONMKTAU.IC  SIIRATII 


In,  military  applications,  electromagnetic  pulse  (FAIR) 
survivability  is  not  an  issue  with  a  nonmetallic 
cable.  This  EMC  consists  ,,f  a  broad  spectrum  of 
energies  delivered  to  earth  by  a  nuclear  explosion  and 
occurs  in  a  fraction  of  a  second.  Beak  field  strengths 
can  reach  tens  nr  kilovolts  per  meter  within 
nanoseconds.  This  intense  pulse  will  induce 
i  xlrctnely  high  voltages  and  currents  in 

communications  cables  containing  metals.  Therefore, 
nonmetallic  designs  can  be  very  attractive  for 

mi  lit  ary  applieat  ions. 
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For  riser  cable  applications,  to  serve  the  upper  floors 
of  buildings,  a  noniiietallic  design  is  preferred  for  its 
grounding  free  installation.  For  this  application, 
however,  a  stringent  fire  resistance  requirement 
specified  by  the  National  Electrical  Code  (NFC) 
must  be  met.  A  sheath  to  meet  t his  need  was 
developed  and  will  be  discussed  later  in  l-his  paper. 

In  order  to  capitalize  on  these  features,  while 
providing  a  cost  effective  design,  a  high  performance 
nonmetallic  light  guide  cable  using  a  combination  of 
epoxy-glass  rods  and  impregnated  glass  rovings  whs 
designed.  This  paper  will  describe  this  new  sheath 
design,  and  its  mechanical  and  optical  performance. 

2.  SHEATH  DESIGN 

The  most  convenient  approach  for  a  nonmetallic 
sheath  design  is  to  directly  replace  the  steel  strength 
members  with  appropriate  nonmetallic  ones..  \ 
continuous  filament  fiber  glass  roving  is  ecmiomiral 
and  thermally  compatible  with  optical  fibers  thus 
making  it  an  excellent  choice.  Furthermore,  these 
rovings  are  impregnated  with  a  polymer  to  improve 
their  mechanical  properties.  At  the  present  time  the 
impregnated  glass  rovings  are  available  in  two 
suitable  forms:  rigid  epoxy-impregnate, i  rods  and 
flexible  polymer-impregnated  rovings.  11  Because  of 
low  processing  speeds  the  rods  are  inherently  more 
expensive  than  the  impregnated  rovings.  This  factor 
is  considered  in  optimizing  the  new  sheath  design. 

A  nonmetallic  cable  must  meet  the  same  optical  and 
mechanical  requirements  its  its  metallic  counterpart . 
A  partial  list  of  industry  approved  requirements  that 
the  cable  must  meet  is  shown  in  Table  1.  Tin 
strength  member  selection  is  lulled  on  the  t •*i"i |. 
load  rating  requirement.  For  example,  according  I  <  • 
the  tensile  n  qnirenient .  the  sheath  must  be  designed 
for  a  minimum  of  a  2.700  N  ( (>( X )  lb  I  load  rating. 

During  cable  manufacture  a  hot  polymer  jacket  is 
extruded  directly  over  the  strength  members,  {'he 
hot  polymer  wants  j<»  undergo  a  large  volume  change 
(shrinkage)  during  cooling.  Typically  the  metallic 
strength  members  or  rigid  epoxy-impregnated  rods 
which  arc  used  to  provide  tensile  strength  also 
control  pohimr  shrinkage  during  processing.  The 
completed  cable  then  provides  all  ideal  e| rustic  (linear) 
load-strain  behavior.  Flexible  impregnated  fiberglass 
rovings  are  more  economical  and  easier  to  process; 
however,  they  alone  do  not  have  adequate 
compressive  stiffness  to  resist  the  polymer  shrinkage. 
A  suitable  combination  of  rods  and  rovings  is  needed 
to  obtain  a  desired  tensile  behavior  of  the  sheath. 

ATA  T  Hell  Laboratories  has  developed  an  opiimi/.ed 
nonmetallic  sheath  that  has  excellent  optical  and 
mechanical  characteristics.  \  developed  view  of  this 
new  design  is  shown  in  Figure  2,  This  design 
effectively  combines  the  desired  properties  of  rigid 
rods  and  flexible  rovings.  Both  rods  and  rovings  are 


Table  I.  EIA  Test  Requirements 


Test 

Condif  ions 

Tensile  loading  and 
bending  (FOTP-3.1)* 

Tensile  load  =  BOO  lb 

!b*nd  radius  =  20  x  cable  OI) 

Compressive  loading 
(FOTP-IJ) 

Linear  load  =  1000  lb 

4-inch  lengt  1» 

Twist 

(FOTP-SM 

±  180  twist 

13-ft  length 

10  cycles 

Low-  and  high- 
temperature  bending 
(FOTP-37) 

Bend  radius  =  10  x  cable  OB* 

Four  wraps 
-20  V  and  1  fO  1 

C  \  die  f|*>\ 

(IOTP- tot) 

Bend  radius  =  It)  x  cable  OJ)* 

1 8()  arc 
•jr.  rv,|.-s 

Cyclic  impacl 
(1  OTP  -2a) 

Impact  =  .V2  in-lb 

2“»  impacts 

\\  ater  p»*n»*t  r.u  i«>n 
d  OTP-VJI 

Sample  lengt h  =  it  ft 

Water  bead  =  It  ;i  fi 

Te^t  duralmn  =  l  )tr 

M  IA  T«--»  pt . 1 

r  1.  >  •  »!■!•  o|»  f  ,  ,  ..o  i.t  , 

let  Irgtii  nmg  1  *  t .■  t  ,• 

I  ua’KK  2.  Ni:w  NONMKTAM.K*  CMU,U 

designed  to  give  necessary  tensile  stiffness  to  meet 
tin-  load  rating.  Furthermore,  tin1  rods  minimize 
polymer  shrinkage  and  the  rovings  offer  flexibility 
and  e;ise  of  processing.  A  computer  simulation  F 
Used  to  choose  the  desired  combination  of  rods  and 
rovings  so  that  the  load-strain  response  is  optimized. 

In  addition  to  meeting  the  tensile  load  rating,  the 
optimized  sheath  design  has  to  be  rugged  and 
environmentally  stable.  A  good  measure  of 
environmental  performance  is  tin*  sheath’s  effective 
coefficient  of  thermal  expansion.  Since  the  flexible 
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rovings  have  very  Km  compressive  stiffness,  the 
sheath  containing  them  may  produce  a  high 

coefficient  of  thermal  contraction  as  the  temperature 
drops.  Therefore,  a  suit  aide  combination  of  rods  and 
rovings  is  chosen  to  limit  the  thermal  contraction  and 
hence  the  compressive  fiber  strain  at  low 

tempera!  tires. 

This  cubic  has  been  designed  to  pass  the  AT<V'T  and 
Helicon*  water  penetration  requirements.  Water 
blocking  in  the  core  is  provided  by  the  conventional 
method  of  a  filling  compound.  A  water  blocking  tape 
is  use* l  over  the  core  tube  to  prevent  water  ingrev> 
along  the  sheath.  The  tape  swells  upon  contact  with 
water  and  fills  the  interstices  among  all  the  strength 
members  of  both  layers  of  crossply  sheath. 

A  single  jacket  extrusion  over  the  two  layers  of 
reinforcement  completes  the  new  sheath  design.  The 
jacket  is  sufficiently  coupled  to  the  <*»  »pe  to  provide 
desired  mechanical  characteristics,  yet  isolated  from 
the  core  to  prevent  bonding.  This  feature  along  with 
the  flexible  rovings  makes  sheath  entry  extremely 
easy  and  fast,  particularly,  in  mid-span. 

Furthermore,  this  const  ruction  allows  fop  easy  torque 
balancing  since  the  two  layers  are  in  direct  contact 
with  each  other  and  have  the  same  lay  length  in 
opposite  directions.  A  compact.  flexible  and  torque 
free  design  i*  very  #•:*> y  to  install  and  simple  to 
handle  by  the  craft  person  in  the  field. 

3.  FIRE  RESISTANT  RISER  CARLE 

The  non  metallic  riser  cable  has  been  designed  to 
meet  the  Enderwriters  Laboratories  (EL).  I  L  1  <>!>(>. 
Riser  Cable  Fire  test  lJ  requirements  and  it  is  El, 
classified.  This  test  requires  that  the  cables  d«>  not 
propagate  fire  up  to  the  second  floor  opening  (1*2 
feet  when  ignited  by  a  LVJ.OtX)  lUu/hr  propane 
flame  for  a  one-half  hour  duration. 

The  National  Electrical  ('ode  (NEC)  impacts  on  the 
design  of  riser  cables  by  recommending  practices  that 
apply  to  residential  and  comme.  rial  buildings  and 
structures.  Specifically,  since  NEC  article 

770-6  and  S(XF3b  permit  riser  cables  t<>  be  installed 
outside  of  non  combustible  conduit  or  tubing  if  they 
demonstrate  fire-resistant  characteristics  capable  of 
preventing  the  spread  of  fire  from  floor- to- floor. 
Enderwriters  Laboratories  (EL)  classifies  products 
that  meet  the  intent  of  the  NEC. 

Riser  cables  connect  outside  plant  to  building 
distribution  cables.  In  downtown  central  offices  they 
also  connect  interoffice  and  intercity  trunks  and.  as 
their  name  implies,  they  provide  riser  distribution 
between  two  or  more  floors.  One  major  difference 
between  this  design  and  the  outside  plant  cables  is 
that  this  design  must  meet  stringent  fire  test 
requirements  discussed  above.  Therefore,  the  high 


density  polyethylene  jacket  is  replaced  bv  a  fire 
resistant  I* VC  jacket.  Furthermore,  since  there  is  no 
water  hazard,  riser  cables  do  not  contain  filling 
compound  to  minimize  fuel  load.  These  cables  are 
generally  of  air-core  design,  and  a  thermal  wrap  is 
placed  around  the  fibers  for  protection  during  core 
tube  extrusion  and  against  heat  from  fire. 

4.  OPTICAL  PERFORMANCE 

Nonmetallic  cables  containing  up  to  00  fibers  have 
been  manufactured  and  optically  characterized. 
AT&T  Technologies  depressed-cladding  single-mode 
fibers  with  core  and  cladding  diameters  of  K.3  and 
125  ft( n,  respectively,  were  employed.  The  dual- 
coated  fibers  have  an  outside  diameter  of  250  pm. 
Figure  3  shows  histograms  of  fiber  loss  after  cabling 
for  23b  fibers  at  ambient  temperature.  This 


0  0  0  1  0.2  0.3  0.4  0.5  0  6 

LOSS  (dB/km)  AT  1310  nm 


0.0  0.1  0.2  0.3  0.4  0.5  0.6 

LOSS  (dB/km)  AT  1550  nm 

KK.'ltKK  3.  Ni:w  NON  MET  Aid, 1C’  CAULK 
-PPOmiCTION  RESULTS 
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represents  production  data  for  AT<VT‘s  Light  pack 
cable  i-ori's  with  customer  specified  losses  less  than 
0. 40  dB/'km.  The  menu  loss  is  0.3V  dB/ktn  nt  KUO 
nm  and  0.21  «ili/k in  at  IVVO  iitit  with  n  standard 
deviation  of  0.02  dB/km  nt  both  wavelengt  hs.  In 
:id  (i  it  ion ,  a  Light  park  cable  with  81  fibers  was 
environmentally  tested  ami  loss  measurements  were 
made  at  n  number  of  critical  points  during  the 
temperature  cycle.  Specifically,  loss  measurements 
Were  made  nt  a  critical  aging  point  of  -10  C  (-10  !•') 
temperature  after  a  five  day  exposure  to  88  C 
( 100  F).  The  mean  added  loss  at  KUO  and  KV>0  nm 
was  less  than  0.03  dB/km  over  the  entire 
temperature  range  as  shown  in  Figure  I.  The  added 
los>.  however,  was 
temperat  ures.  These 
t  hernial  stability  bet  w 

I  inn  F). 


?  0.- 

r- 

I  ••• 


'*C 


nut  iu:  1. 1 auwonmimm.  n  ukohmanci- 


5.  MECHANICAL  PERFORMANCE 

I  hi"  new  m  >11111*1  allie  "leatli  design  with  L>  *t  1 1  i  he 
Light  | •  k  and  rihhon  fiber  cable  r<>n  "  has  been 
"iibj'-et to  the  industry  standard  I  1\  trsiv  a>  well 
ns  tv>  ;.|<  w  Ulinilat  i<  <Il  1»"t"  developed  h\  VI  A  T 
Bell  Lab<  >rai  orie*».  'fhe  re-uh-  show  that  fie-  mw 

"h'-ath  design  p;j>‘.i-s  t  he"*-  requirements.  Tin-  1.1  \ 

test-  I  Deluded:  Combined  tension  and  bending.  r\'e  lie 
fle\.  <\fdi«*  impart.  twist.  eompp-s-iv  .•  loading  and 
bending  at  leu  and  cold  temperatures,  These  tests 
are  summarized  in  'fable  I  and  also  comply  witli 
Bellcore  requirements.  I,,  tin-  tension  and  bend  test, 
a  I  .VO- meter  1  IfM)  f*-*-t )  length  of  a  **m-  K  i  I  <  >in*t*r  |32*0 
feet  )  test  cable  is  looped  around  sheaves  and 
subjected  t*>  a  2.7(H)  \  (li()0  lb)  loud  for  a  minimum  of 
30  minutes,  'fhe  sheave  diameter  is  equal  to  20  times 
the  Cable  diameter.  In  tin-  eyrlir  bend  test,  the  r abb* 


sample  is  bent  around  a  mandrel  willi  a  diameter 
equal  to  10  times  the  cable  diameter.  The  test  is 
performed  at  a  rate  of  30  cycles  per  minute  for  a 
lotal  of  2  V  cycles,  'fhe  impacl  test  ]s  perfnrme*l  mi  a 
cable  sample  at  the  rate  of  30  impacts  per  minntr 
with  a  total  of  2-V  impacts.  In  the  compression  lest,  a 
L  IVO-Nowton  ( 1  (KM)  11*)  force  is  applied  over  a  100 
nun  (I  inch)  cable  length  for  t*-n  minutes.  During 
the  twist  test,  a  cable  sample  is  rotated  ±  180 
about  its  axis  for  a  minimum  of  ten  cycles,  'flu* 
capability  of  the  cable  to  endure  bending  at  various 
temperatures  is  evaluated  during  the  riot  and  cold 
bend  test.  A  cable  sample  is  wrapped  four  times 
around  a  mandrel  whose  radius  is  ten  times  the 
diameter  of  the  cable  at  -20  C  (-20  F)  ami  (10  (' 
(1  10  F).  All  of  these  El  A  tests  require  that  there  is 
no  sheath  damage  and  a  maximum  added  loss  of  less 
than  0.2  dB  after  testing.  In  addition  to  t  lie  required 
El  A  tensile  test,  load-strain  behavior  was  measured 
for  several  nonuiet allic  sheath  samples.  The  results 
show  that  the  samples  met  the  2,700  N  (f>(X)  If*)  load 
rating. 

The  two  specialized  tests  developer!  to  simulate 
plowing  are  described  by  IM).  Bate!  and  (ML 
(iartside.  111.'  In  the  first  test,  a  cable  sample  is 
tensioned  around  a  17.8-cm  (7  inch)  diameter  pullet 
with  a  sharp  3  mm  (0.12  ineh)  radius  discontinuity. 
Cable  tension  and  fiber  continuity  are  recorded 
throughout  t  lie  test.  This  test  is  intentionally 
destructive  and  it  is  terminated  when  all  the  fibers 
are  broken  or  when  the  sheath  had  failed.  The 
results  show  that  the  performance  of  the  new  sheath 

is  equivalent  to  (In*  metallic  sheath. 

In  tlii*  second  test,  a  cable  sample  is  repeatedly 
squeezed  through  a  series  of  three  rollers  over  a  ten- 
f«>ot  test  length.  This  test  simulates  abuses  of  the 
cable  encountered  in  certain  aerial  as  well  as  plowing 
installation.  (abb*  pulling  tension  and  fiber 
eotitinuitv  are  recorded  throughout  the  test.  This 
also  is  a  destructive  test  ami  it  is  terminated  when  all 
the  fibers  are  broken  or  when  the  sheath  had  failed. 
A  k  1-fiber  Light  pack  cable  of  tin*  new  nonmet  allic 
design  was  tested.  Figure  V  shows  the  percentage  of 
broken  filters  ;t>  a  function  of  cumulative  squec/e. 
Since  the  flexible  rovings  are  softer  than  the  metallic 
wires,  tin-’  act  as  a  buffer  and  enhance  the 
im-i-hani*  a'  performance  as  shown  by  this  test. 


seen  only  at  extreme  cold 
results  demonstrate  excellent 
ceil  -It)  C  (-10  F)  and  88  C 
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8.  CONCLUSIONS 

A  high  performance  noninelaHie  sheath  Ita*  been 
developed  for  Loth  the  rihhon  and  Lightpack  cable* 
anil  many  kilometer*  have  hern  eotninerrially 
deployed.  The  new  design  I*  flexihle  yet  rugged  ami 
passes  stringent  meehanieal  testing.  The  design  i- 
optimi/cd  n>ing  an  analytical  model  ami  eompnter 
simulation.  The  design  offers  excellent  optical 
performanee  at  ambient  temperature  ami  superior 
thermal  stability  between  -10  ('  (-10  F|  ami  xx  C 
(100  F|.  A  (  I.  etiLssified  fire-resistant  riser  cable  is 
also  available  that  provides  floor  to  fhxtr  distribution 
in  a  building.  The  new  design  i*  very  easy  to  handle 
and  simpliries  mid-span  entry. 
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Abstract 

A  novel  water-blocking  optical  fiber  cable  which 
used  water-absorbing  material  has  been  developed. 
This  cable  has  a  central  slotted  rod  with  six 
slots  in  each  of  which  two  4  count-fiber-tapes 
and  a  water-absorbing  tape  are  accomodated.  The 
cable  joining  operation  has  become  easier  compared 
with  jelly  filled  cables.  In  this  paper,  the 
design  criteria  for  accomodating  water-absorbing 
tapes  and  experimental  results  concerning  water¬ 
blocking  properties,  thermal  properties  and  me¬ 
chanical  properties  are  described. 


1.  Introduction 

When  an  optical  fiber  cable  is  inundated  with  a 
water,  the  strength  of  the  optical  fiber  is  de- 
gradated  and  the  optical  fiber  transmission  loss 
may  be  increased  by  hydrogen  which  is  generated 
by  a  chemical  reaction  between  water  and  compo¬ 
nents  of  the  cable  [1],  Therefore,  the  per¬ 
formance  of  water-blocking  is  needed  for  an 
optical  fiber  cables. 

There  are  two  water-blocking  methods,  one  method 
is  gas-pressurizing  maintenance  which  uses  air- 
core  cables  which  are  filled  with  dry-air  after  in¬ 
stallation.  The  other  method  uses  water-blocking 
cables  which  are  filled  with  water-proof  materials 
in  the  cable.  The  air-core  cable  has  a  mainte¬ 
nance  cost  during  operation  of  this  communica¬ 
tion  system.  However,  water-blocking  cables 
have  no  maintenance  cost.  Therefore,  when  the 
optical  fiber  cable  is  applied  to  the  field  with¬ 
out  gass-pressur i ng  maintenance  system,  water- 
blocking  cable  must  be  used. 

Recently,  the  water-blocking  cable  is  attractive 
*'rom  the  viewpoint  of  maintenance  free  cable 
'•.stems  [2].  However  conventional  water-blocking 
<res  which  are  jelly  filled  cables  and  water- 
,r,  oowder  filled  cables  have  some  problems 
ap'e  joining  operation,  such  as  degrada- 

•  workability  due  to  the  viscosity  of  jelly 
•  v'p  or.  the  human  body  resulting  from 

•  ,  , •  -j r  of  water-absorbing  powder. 

!. -  »»  ['“sent  a  new  type  of  water- 

•  «- ■  r  s  free  from  these  problems. 


2.  Requirements 

The  water-blocking  optical  fiber  cable  can  be 
used  for  trunk  and  subscriber  transmission  line 
systems.  Design  of  the  water-blocking  cable  was 
done  with  taking  the  following  considerations 
in  mind; 

1)  The  water-blockinq  properties  should  be 
excellent  in  order  to  keep  longterm  re¬ 
liability  of  optical  transmission  lines. 

We  set  the  permissible  water-penetration 
length  which  was  less  than  0.5  m  at  1  m 
water-head  pressure  from  the  viewpoint  of 
thermal  properties  of  water  penetrated  cable 
portion . 

2)  The  dielectric  optical  fiber  cable  is  neces¬ 
sary  to  the  system  in  which  an  optical  fiber 
cable  is  used  in  the  serious  electromagnetic 
inf  1 uence . 

3)  A  compactness,  light  weight,  and  easy  opera¬ 
tion  of  cable  joining  are  required  for  the 
cable  structure  when  optical  fiber  cable 

is  used  by  subscribers.  The  cable  diameter 
should  be  minimized. 

4)  The  water-blocking  optical  fiber  cable  should 
have  sufficient  stability  for  temperature 
cycling,  and  be  able  to  withstand  various 
mechanical  forces.  These  properties  should 
be  as  good  as  those  of  air-core  optical 
fiber  cable. 

With  these  factors  in  mind,  our  water-blocking 
optical  fiber  cable  has  been  designed. 


3.  Catle  design 
3.1  Structural  design 

The  cross-sectional  structure  and  the  side  view 
photograph  of  the  newly  developed  water-blocking 
optical  fiber  cable  are  shown  in  Figure  1.  The 
structure  of  cable  was  based  on  the  tape-slot 
type  cable  [3],  An  optical  fiber  tape  is  composed 
of  four  sing^  mode  fibers  which  are  individually 
coated  up  to  250  um  in  diameter  with  UV-curable 
resin,  and  these  fibers  are  further  coated  by 
UV-curable  resin.  The  thickness  and  width  of  the 
fiber  tape  are  0.4  and  1.1  mm,  respectively.  A 
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Slotted  rod  is  made  of  polyethlene,  and  six  rec¬ 
tangular  slots  are  provided  hellically  on  the 
rod.  The  strength  member  in  the  center  of  the 
slotted  rod  is  selected  as  FRP  (Fiberglass-Rein¬ 
forced  Plastics),  which  has  the  advantages  of  low 
weight  and  being  free  from  electromagnetic  influ¬ 
ence.  The  diameter  of  the  slotted  rod  is  designed 
to  be  8.0  mm.  Two  fiber-tapes  and  a  water-absorb¬ 
ing  tape  are  tightly  embedded  in  each  slots  with 
a  residual  tensile  strain  of  about  0.05  %.  The 
acrylic-acid  water-absorbing  material  was  selected 
concerning  the  material  of  water-absorbing  tape, 
water-absorbing  materials  which  are  not  selected 
with  regard  to  the  appropriate  tests  may 
generate  hydrogen  in  the  cable  when  it  is  exposed 
to  muddy  water  containing  a  large  number  of  micro¬ 
organisms.  It  has  been  confirmed  that  our  acrylic- 
acid  water-absorbing  material  passed  the  appro¬ 
priate  decomposition  test[4]. 

Water-absorbing  tapes  are  wound  around  a  slotted 
rod.  An  outer-sheath  is  coated  up  to  11  mm  in 
diameter  by  extruding  low  density  polyethylene. 

The  cable  is  able  to  accomodate  48  fibers  and 
its  weight  is  105  kg/km.  The  structure  of  this 
cable  can  provide  a  compact  water-blocking  optical 
fiber  cable  when  it  is  applied  to  a  high-fiber 
count  optical  fiber  cable. 


4  count-fiber-tape 

1.  Water-absorbing  tape 

2.  Fiber-tape 

3.  FRP  strength  member 

4.  Slotted  rod 

5.  Water-absorbing  tape 

6.  Outer  sheath 
Figure  1 


Photograph 

(This  photograph  shows 
five  slot-type  cable) 

of  3.4  mm<t 


Cable  structure  of  water-blocking 
optical  fiber  cable 


3.2  Design  of  water-blocking  performance 

A  water-absorbing  material  blocks  the  water  pene¬ 
tration  by  swlling  up  the  penetrated  water  and 
rapidly  expanding  those  volume  inside  the  cable. 
Therefore,  the  water  penetration  length  depends 
on  the  filling  density  of  water-absorbing  materials 
in  the  cable  [5],  When  the  water-absorbing  mate¬ 
rials  are  applied  to  a  tape-slot  type  cable,  the 


optimum  filling  density  of  water-absorbing  material 
should  be  determined  in  order  to  achieve  both 
good  water-blocking  properties  and  transmission 
characteristics  of  the  cable,  because  optimum 
space  in  the  slot  is  necessary  to  get  the  mechan¬ 
ical  and  thermal  stability  of  the  cable. 

In  order  to  determine  the  minimum  filling  density 
of  water-absorbing  materials  in  the  slot,  the 
relationship  between  the  water-penetration  length 
and  the  filling  density  was  measured  by  the  ex¬ 
perimental  set  up  as  shown  in  the  inset  of  Fig.  2 
Figure  2  shows  the  experimental  results  where 
M  is  the  ratio  of  the  cross-sectional  area  of 
water-absorbing  materials  and  that  of  the  inner 
cross  section  of  the  glass  tube,  and  R  is  the 
water-absorbing  ability  which  is  defined  as  the 
ratio  of  the  weight  of  the  saturated  swelled  water¬ 
absorbing  material  and  that  of  dry  water-absorbing 
material.  In  the  experiment,  water-absorbing 
material  was  filled  in  a  glass  tube  having  an 
inner  diameter  of  9  mm  with  the  filling  density 
as  a  parameter,  and  the  tube  was  applied  to  1 
meter  water  head  pressure  with  salt  water  (NaCl 
0.75g  +  CaCl ;  0.5g  in  the  liter  water)  was  applied 
to  the  tube  [6].  The  experimental  results  show 
that  the  water-penetration  length  was  reduced  by 
increasing  the  filling  density  M-R.  The  measured 
penetration  length  1  can  be  expressed  by  the 
fol lowing  equation 

1  =  a(^),X+  U  [m]  -  (1) 

,  where  a  and  a  are  constants  which  are  determined 
from  the  experiment,  and  1*  is  the  water-penetra¬ 
tion  length  expected  for  the  infinite  filling 
density  of  M-R.  The  values  of  a,  a.  and  T«  of  our 
absorbing  materials  are  determined  to  be  2.89, 

2.18  and  0.12,  respectively. 


0  5  10 

Filling  density  MR 

O  :  Material  A 

(Water-absorbing  ability  R= 10 ) 


•  Material  B  (R=Z0) 


Figure  2  Relationship  between  water-penetration 
length  and  filling  density 
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On  the  other  hand,  the  optimum  space  design  of 
the  slot  must  be  considered  to  realize  mechanical 
and  thermal  stability.  The  value  of  the  accommo¬ 
dating  ratio  Ms  is  required  to  be  in  the  range 
of  0.45  to  0.55  from  the  experimental  results 
of  tape-slot  type  cable.  Where,  Ms  is  defined 
as  the  ratio  of  cross-sectional  area  of  contents, 
that  is,  two  fiber  tapes  and  water-absorbing  mate¬ 
rials  in  a  slot  and  that  of  a  slot.  The  accomo¬ 
dating  ratio  Ms  is  expressed  by  the  following 
equation 


Ms 


Sj  +  Sa 
Ss  +  Sj  +  Sa 


(2) 


,  where  Ss  is  the  cross-sectional  area  of  space 
in  the  slot,  Sj  is  the  total  cross-sectional  area 
of  two  fiber  tapes,  and  Sa  is  the  cross-sectional 
area  of  a  water-absorbing  tape  in  the  slot. 


In  the  design  of  a  water-blocking  cable,  M  =  Mo 
is  determined  by  equation  (1)  when  the  required 
penetration  length  1  is  given  to  be  lo  and  R  is 
determined  by  the  selection  of  water-absorbing 
material.  On  the  other  hand,  Mo  is  already  defined 
as 


Mo 


Sa 

Sa  +  Ss 


(3) 


The  equations  (2)  and  (3)  can  be  transformed  to 
equations  (4)  and  (5) 

Sa  =  Ss  ■ Sr  -  (4) 


4.1  Transmission  loss 

The  transmission  losses  at  each  stage  of  the  manu¬ 
facturing  process  were  measured.  The  average 
transmission  losses  at  the  two  wavelengths  of 
1.3  pm  and  1.55  pm  are  shown  in  Figure  4  for  each 
process.  The  changes  in  transmission  loss  were 
within  0.03  dB/km  during  each  process  and  the 
average  losses  at  1.3  pm  and  1.55  pm  were  0.36 
and  0.23  dB/km,  respectively.  It  can  be  concluded 
that  there  is  no  excess  loss  during  manufacturing 
processes . 


Cross  sectional  area  Ss  (mm:) 


Sa 


Mo 

1  -  Mo 


Ss 


(5) 


The  solutions  of  equations  (4)  and  (5)  give  the 
dimensions  of  required  cross-sectional  area  Ss  of 
space  in  the  slot  and  cross-sectional  area  Sa 
of  water-absorbing  tape.  From  equations  (4)  and 
(5),  the  design  deagram  for  Sa  and  Ss  is  obtained 
as  shown  in  Figure  3.  Sa  and  Ss  are  determined 
to  be  0.18  mm:  and  1.0  mmr.  respectively  con¬ 
sidering  the  following: 

(1)  Water-penetration  length  is  less  than  0.5  m 

(2)  Cross-sectional  area  of  water-absorbing  tape 
should  be  minimized 

(3)  Considering  manufacturing  of  error  of  slot 
dimension  is  around  0.1  mm. 


4.  Cable  performance 


Figure  3  Design  diagram  for  cross  sectional  area 
of  space  in  a  slot  and  that  of  water¬ 
absorbing  tape  which  ahs  the  water¬ 
absorbing  ability  (R=20) 


</l 

</) 


E 

to 

c 

A3 


0.2  J 


X;  wavelength 
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X=1 . 55pm 


Cabl ing  process 


The  arrangement  of  two  optical  fiber  tapes  and  a 
water-absorbing  tape  in  the  slot  is  determined 
through  trial  manufacturing  and  the  finally  de¬ 
signed  cable  is  shown  in  Figure  1.  The  wave¬ 
absorbing  tape  is  sandwiched  between  two  optical 
fiber  tapes.  The  single  mode  fibers  have  the  mode 
field  diameter  of  10  pm  and  the  cut-off  wavelength 
of  1.1  n.  1.3  pm  . 


a:  Optical  fiber 
b:  Fiber- tape 
c:  Cable  core 
d:  Cable 

Figure  4  Transmission  loss  in  cabling  process 
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4.2  Water-blocking  properties 

The  water-blocking  cable  will  be  penetrated  by 
many  kinds  of  water  in  practical  application. 

The  water-blocking  properties  of  this  cable  for  a 
salt  water  and  alkaline  water  are  shown  in  Figures 
5  and  6.  In  Figure  5,  a  salt  water  which  contains 
0.75g  NaCl  and  0.5g  CaCl 2  in  a  liter  of  water 
is  used.  The  penetration  length  was  0.5  s.  0.6  m 
at  1  m  water  head  pressure.  It  is  indicated  that 
the  manufactured  cable  has  the  water-blocking 
performance  as  expected  from  Figure  3.  The  time 
dependence  of  water-penetration  length  was  very 
small  for  all  conditions  of  1.0  to  5.0  m  water 
head  pressure.  The  water  head  pressure  dependence 
was  saturated  in  the  pressure  region  higher  than 
around  3  m  water  head  pressure.  The  water  penetra¬ 
tion  length  was  less  than  1.3  m  even  at  5  m  water 
head  pressure  which  corresponds  to  the  maximum 
depth  of  a  manhole. 


Water  head  pressure  (m) 

Figure  5  Water  head  pressure  dependence  of 
water-penetration  length 

(Different  samples  were  used  for  1  day,  1  week 
and  1  month  measurement) 

Figure  6  shows  the  pH  dependence  of  the  water- 
penetration  length  for  alkaline  water.  The  water- 
penetration  length  was  slightly  increased  by  in¬ 
crease  in  pH.  and  the  penetration  length  for 
pH  11  alkaline  water  was  less  than  0.8  m  after 
one  week.  The  value  of  pH  11  corresponds  to  the 
largest  pH  of  alkaline  water  in  a  Japanese  manhole. 

In  order  to  investigate  the  thermal  properties 
of  the  water  penetrated  cable  portion,  the  water 
penetrated  cable  was  manufactured  as  follows. 

The  cable  core  all  of  which  was  immersed  in  water 
was  made  and  then,  the  cable  core  was  wand  by 
rubber  tape  to  protect  evaporation  of  penetrated 
water.  Figure  7  shows  the  thermal  properties 
of  this  intentionally  water  immersed  cable.  The 
transmission  loss  increase  was  observed  in  low 
temperature  region  from  0  to  -40  °C.  It  will  be 
the  microbending  loss  which  is  caused  by  freeze 


of  the  water  which  penetrated  the  cable.  The 
maximum  excess  loss  was  0.5  dB/km  at  -40  °C. 
Therefore,  the  excess  loss  of  0.5  m  water  pene¬ 
trated  cable  portion  at  -40  °C  was  2.5  x  10”“  dB. 
This  experimental  result  confirms  us  that  the 
water-blocking  properties  of  the  newly  developed 
cable  is  sufficient  for  practical  application. 


6  7  8  9  10  11  12  13 

pH 

Figure  6  pH  dependence  of 

water-penetration  length 

(Water  head  pressure  was  1  m) 


-40  -20  0  20  40  60 


Temperature  (°C) 

Figu-e  7  Thermal  properties  of 
water-penetrated  cable 
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4.3  Thermal  properties 

Figure  8  shows  the  transmission  loss  change  of 
the  water-blocking  cable  in  the  range  from  -40 
to  60  °C  for  two  cycles  (1  cycle  takes  60  hours). 
The  transmission  loss  was  measured  with  on  LED 
light  source  of  1.3  um  wavelength.  The  trans¬ 
mission  loss  change  was  within  0.04  dB/km.  The 
experimental  results  indicate  there  was  no  signif¬ 
icant  degradation. 


-40  -20  0  20  40  60 


Temperature  (°C) 

Figure  8  Thermal  properties 

of  water-blocking  cable 

4.4  Mechanical  properties 

Mechanical  characteristics  were  examined  against 
lateral  force,  tensile  strength,  bending,  impact, 
twist  and  squeezing.  Table  1  shows  methods  of 
mechanical  test  and  results  for  various  mechanical 
tests.  Mechanical  characteristics  of  both  the 
water-blocking  cable  and  water  penetrated  Cable 
portion  were  measured.  The  transmission  loss 
change  was  measured  by  on  LED  light  source  of 
1.3  pm  wavelength. 

(A)  Lateral  force  test 

A  lateral  force  was  applied  to  a  50  mm  length 
of  cable.  The  excess  loss  was  not  observed 
up  to  500  kg.  These  results  are  as  good 
as  those  of  an  air-core  cable.  The  excess 
loss  by  a  lateral  force  applied  to  a  water 
penetrated  portion  was  not  also  observed 
up  to  500  kg. 

(B)  Tensile  test 

The  relationship  between  strength  and  elonga¬ 
tion  which  were  measured  for  optical  fiber 
and  cable  is  shown  in  Figure  9  involving 
excess  loss  changes.  No  significant  excess 
loss  was  obsorved  up  to  the  fiber  elongation 
of  0.48  %,  and  the  elongation  of  optical 
fiber  is  almost  the  same  as  the  elongation 
of  the  cable.  These  results  show  that  the 
optical  fiber  are  tightly  embedded  in  the 
slots.  No  excess  loss  was  also  observed  for 
water  penetrated  cable  against  tensile 
strength . 

(C)  Bending  test 

The  cable  was  bent  by  *180  degrees  to  the 
right  and  left  repeatedly  around  various 
mandrels.  The  minimum  permissible  bending 
diameter  which  corresponds  to  the  diameter 
of  0.01  dB  loss  increase  was  120  mm.  The 


minimum  permissible  bending  diameter  for 
a  water  penetrated  portion  was  also  120  mm. 


0  100  200  Tensile 

strength  free 


Tensile  strength  (kg) 

Figure  9  Relationship  between  tensile  strength 
and  elongation  of  optical  fiber  and 
cable  (involving  excess  loss) 


(0)  Impact  test 

A  hammer  was  dropped  5  times  on  the  same 
position  of  the  cable  for  a  given  impact 
energy  which  are  1.2  and  3  kg*m.  No  signif¬ 
icant  transmission  loss  increase  was  observed 
even  at  3  kg*m  of  impact  energy. 

(E)  Twist  test 

The  cable  of  3  m  length  was  twisted  by  *720 
degrees.  No  significant  transmission  loss 
increase  was  observed. 

(F)  Squeezing  test 

The  Table  1  shows  sketch  of  squeezing  test 
set  up.  There  are  3  squeezing  wheels  which 
radii  are  250  mm.  The  cable  was  squeezed 
under  a  tension  of  50,  100  and  200  kg  respec¬ 
tively.  Each  tension  was  chosen  as  a  designed 
elongation  of  optical  fiber  of  0.1,  0.2  and 
0.4  V  The  squeezing  length  of  water  blocking 
cable  and  water  penetrated  cable  portion 
are  100  m  and  8  m.  During  the  squeezing,  no 
change  in  the  transmission  loss  was  observed 
including  impulsive  flactuation. 


5.  Conclusion 

A  novel  dry-type  water-blocking  optical  fiber 
cable  has  been  developed  which  uses  water-absorbing 
tapes.  The  cable  joining  operation  becomes  easier 
compared  with  jelly  filled  cables.  The  design 
criteria  of  accommodating  water-absorbing  tape 
is  also  clarified,  and  it  is  confirmed  that  the 
cable  has  excellent  water-blocking,  mechanical 
and  thermal  properties  under  adverse  conditions. 
This  cable  will  contribute  to  the  construction 
of  a  maintenance  free  cable  system. 
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Table  1  Mechanical  test  methods  and  results 


Test  methods 


No  loss  increase  at 

500  kg/50mm. 


Tensile  speed'  10  mm/min 


No  loss  increase  up  to 
the  tensile  strength  of 
250  kg. 


HZK 


Bending  angle: ?  160“ 


No  loss  increase  at  the 
bending  diameter  of 
120  mmc  after  10  cycle. 


\  Mandrel 
.  120  mm* 

1  ! 
i  i 


Hammer  dia. :  25  mm 

Impact  energy:  1  v  3  kg-m 

— - Q 


No  loss  increase  up  to 
the  impact  energy  3  kg-m. 


Hammer 

1  f 


No  loss  increase  within 
the  twist  angle  of  t  720°. 


Squeezing  wheel  radius  R:  250  im.  N0  loss  increase  up  to 

the  tensile  strength  of 
R.  Cable  250  kg. 

Tension  *  2V  ~V  ir')  1 
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A  New  Nonmetallic  ami  Waterproof  Optical  Tiber 
Cable  with  Absorbent  Polymer  Ribbon 


Shigezou  KL  KI I  A,  lakashi  NAKAI,  Akira  flAYASHI. 
and  lliroaki  KOCA 

N  i  l  Transmission  Systems  Laboratories, 

Nippon  Telegraph  and  Telephone  Corporation. 
Tokul-mura,  lbaraki-ken,  319-11,  Japan 


Abstract 

This  paper  proposes  a  new,  nonmetallic,  optical 
liber  cable  waterproofed  with  absorbent  polymer. 
The  cable  can  construct  the  transmission  line  at  low 
cost  and  does  not  require  maintenance.  This  paper 
describes  design  methods  and  evaluation  methods  to 
achieve  the  proposed  cable. 

A  waterproofing  technique  is  investigated  bused 
on  the  selection  of  absorbent  polymer  for  its  long¬ 
term  stability.  Also  studied  is  the  waterproof 

structure  design  with  absorbent  polymer  ribbon.  As 
a  nonmetallic  technique,  a  sheath  design  for  the 
suppression  of  shrinkage  and  moisture  permeation, 
and  a  strength  member  design  to  endure  a  long-term 
fatigue.  are  clarified.  A  nonmetallic  water 

penetration  sensor,  composed  of  a  fiber  and  a 
shrinkable  thread,  is  also  proposed. 

Cables  manufactured  using  these  new  designs 
showed  performance  sufficient  for  practical 
application. 

I.  Introduction 

The  demand  for  broad-band  telecommunication 
networks  has  been  increasing.  To  comply  with  the 
demand,  it  is  becoming  necessary  to  construct  and 
maintain  the  network  which  is  composed  of  optical 
fiber  cables  at  low  cost.  To  make  the 

construction  cost  lower,  a  cable  is  desired  which  is 
small  in  diameter  and  light-weight,  and  which  has 
easy  operation  in  jointing.  As  for  maintenance 
cost,  a  maintenance-free  cable  is  necessary. 

Conventional  optical  fiber  cables  are  grouped 
into  two  classes  from  the  view  point  of  maintenance 
techniques.  One  is  a  gas-pressurized  cable,  and 
the  other  is  a  jelly-filled  cable. 

The  gas-pressurized  cable  exhibits  high 
reliability,  though  it  has  some  demerits.  These  art' 
its  excessive  weight  due  to  the  usage  of  metallic 
material,  such  as  its  LAP  (Aluminum  Laminated  PL) 
sheath  and  copper  wire  for  monitoring  gas  leaks. 
Also,  its  diameter  ts  large,  because  of  the 
assembled  gas-pipe  to  supply  gas  into  the  space  of 
the  cable.  Additionally,  the  gas-pressurized  cable 
can  not  be  applied  in  areas  subject  to  electro¬ 
magnetic  interference  because  it  uses  metallic 
materials.  This  means  that  it  cannot  make  full 
use  of  the  distinctive  features  of  the  liber. 

The  jelly-filled  cable,  on  the  other  hand,  is 
inherently  waterproof,  making  such  a  maintenance 
system  unnecessary.  The  tack  of  jelly-compound, 
however,  degrades  the  efficiency  of  manufacturing, 
fiber  inspection,  and  cable  jointing.  To  improve 


the  operation  efficiency  of  jelly-filled  cables,  a  few 
waterproof  cables  filled  with  powder  (compost  J  of 
calcium  carbonate  and  polymeric  resin*,  or  stearate- 
coated  chalk  and  polyacrylamide*)  have  been 
proposed.  However,  it  was  pointed  out  that  these 
cables  have  a  problem  in  that  the  powder  negatively 
influences  the  manufacturing  and  operating 
circumstances.  They  also  have  a  bad  influence  on 
the  health  of  operators,  as  the  powder  diffuses  into 
the  air  . 

As  mentioned  above,  conventional  cables  are  not 
suitable  for  lowering  the  construction  and 
maintenance  costs.  Also,  they  can  not  make  full 
use  of  the  distinctive  features  of  fibers. 

To  solve  these  subjects,  this  paper  proposes  a 
new  optical  fiber  cable  which  is  nonmetallic  and 
waterproofed  with  absorbent  polymer  ribbon  instead 
of  jelly-compound.  This  paper  describes  the 

development  process  of  this  cable,  and  discusses  the 
following  concerns. 

(1)  The  selection  method  of  the  absorbent  polymer. 

(2)  The  waterproofing  design  with  the  absorbent 
polymer. 

(3)  The  nonmetallic  sheath  design. 

(-1)  The  nonmetallic  strength  member  design. 

(5)  The  nonmetallic  water  penetration  sensor  design. 

(6)  The  manufactured  cable  characteristics. 

2.  Investigations  regarding  design 

To  make  the  cable  waterproof  and  nonmetallic, 
it  is  necessary  to  study  the  following. 

A.  Waterproofing  technique. 

(1)  Absorbent  material  selection,  and  long-term 
reliability  checks,  as  applied  to  waterproofing 
material. 

(2)  Determination  of  allowable  penetration  length  and 
the  design  of  waterproofing  structure  with 
absorbent  material  to  satisfy  the  allowable 
values. 

(3)  Waterproofing  test  method  to  precisely  evaluate 
the  waterproof  ability  of  the  cable. 

B.  Nonmetallic  technique. 

(I)  Nonmctallie  sheath  design  to  suppress  shrinkage 
of  the  sheath  and  to  resist  moisture 
permeation. 

(21  Nonmetallic  material  selection  for  the  strength 
member,  and  an  appropriate  method  to  suppress 
the  long-term  fatigue  of  the  material. 

(3)  Design  of  a  nonmetallic  water  penetration  sensor, 
using  an  optical  fiber  and  a  shrinkable  thread. 
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(  .  Manufactured  cubit-  evaluations. 

1. valuations  ot  a  manufactured  cable,  conducted 
ill  tile  field. 

3,  Waterproofing  technique 

It  should  be  emphasized  that  the  wulerblocking 
mechanism  of  an  absorbent  polymer  Is  completely 
different  from  that  of  a  conventional  jelly-compound. 

I  he  jelly-compound  is  designed  to  keep  water 
out  of  the  cable.  However,  the  absorbent  polymer 
first  absorbs  the  penetrated  water,  and  then  swells 
up,  constructing  a  waterblocking  dam  in  the  cable 
space.  Therefore,  a  new  waterprool  ing  structure 
should  be  designed,  and  a  waterproofing  test  method 
should  be  established  to  precisely  evaluate  the 
waterproofing  ability. 

3.1  Selection  of  absorbent  material 

Many  kinds  of  absorbent  polymers,  such  as 
synthetic  polymers  (e.g.,  poly -aery  I  ic -acid, 
isobutylene,  and  PVA)  and  natural  polymers  (e.g., 
cellulose  and  starch),  have  been  developed. 
However,  most  of  these  are  for  short-term  sanitary 
use,  rather  than  industrial  use. 

Requirements  to  apply  an  absorbent  polymer  to 
the  waterproofing  material  ol  a  cable  are  as  follows. 

(1)  Superior  waterblocking  ability. 

(2)  No  negative  effect  on  the  material  constructing 
tin-  cable. 

(31  long-term  stability. 

(4)  Tit  for  the  manufacture  as  well  as  the  jointing 
efficiency  of  the  cable. 

Here,  evaluating  methods  which  meet  these 
requirements  are  proposed.  Also,  one  type  of 

poly -acrylic-acid  absorbent  polymer  is  selected,  with 
special  consideration  given  to  its  long-term  stability. 

I.  Long-term  stability  evaluation  ol _ absorbent 

polv  mers 

An  absorbent  polymer  applied  as  a  waterproofing 
material  should  satisfy  the  following  stability 
requirements.  It  should  provide: 

II)  Resistance  against  decomposition  by 

microorganisms  contained  in  soil  water. 

(2)  Stability  when  subjected  to  long-term  temperature 
fluctuations. 

1,1  Decomposition  by  microorganisms 

Several  tests  are  currently  used  to  evaluate  a 
material's  resistance  to  microorganism  decomposition. 
These  include  the  MIL-E-5272C  lest,  and  the 
AA'TCC  Test  Method  90.  However,  these  tests 
evaluate  resistance  only  with  respect  to  specific 
kinds  of  microorganisms.  They  are  not  -'unable  for 
evaluating  resistance  to  the  broad  spectrum  of 
microorganisms  contained  in  soil  w  ater.  I  bus,  the 
following  simple  and  practical  method,  is  proposed 
taking  into  account  the  actual  conditions  under 
which  waterproofing  materials  are  applied. 

A,  Method  for  evaluating  microorganism  decomposition 
Two  samples  (in  flasks)  were  used  to  evaluate 
the  extent  of  decomposition  due  to  microorganisms. 
Sample  A  contained  soil  water  which  had  been 
poured  through  filter  paper,  an  absorbent  polymer, 
and  ammonium  dihydrogenphosphate 
The  is  a  kind  of  manure.  Many 

decomposition  test  results  have  shown  That 
\  II  I  1 1  2  I’  O  j  accelerates  the  growth  of 


microorganisms.  Sample  If  contained  absorbent 

polymer  arid  filtered  soil  water  to  which  sodium 
a/ide  (NaN.j)  was  added,  instead  ol  NHjHyROj. 
The  \a\3  is  a  germicide.  Both  flasks  (containing 

air  at  I  atm)  were  sealed  by  teflon  cocks  and 
stored  at  30  “C,  which  is  an  ideal  temperature  lor 
microorganism  growth. 

The  following  evaluations  were  carried  out  using 
these  samples: 

(a)  The  gases  generated  in  the  flasks,  as  well  as 
their  partial  pressures,  were  examined  by  gas- 
chromatography. 

(b)  The  viscosity  of  the  solutions  was  measured. 

(c)  The  external  appearance  of  the  solutions  was 
examined. 

B.  Evaluation  results 

The  results  of  ihe  gas  analysis  for  a  typical 
natural  absorbent  polymer  in  Sample  A  are  shown  in 
lig.  I.  The  nitrogen  and  oxygen  gas  pressures 

gradually  decreased,  and  hydrogen  gas  began  to 
appear  after  3  days.  This  is  a  typical 

decomposition  phenomenon  associated  with  the 
activity  and  growth  of  microorganisms. 

Furthermore,  the  measured  viscosity  of  Sample  A 
decreased  rapidly  from  5  poise  to  0.02  poise  after 
15  days.  This  value  is  almost  equivalent  to  the 
viscosity  of  water.  On  the  other  hand,  i  In- 

viscosity  of  Sample  B  remained  almost  constant  over 
20  days.  The  viscosity  change  in  Sample  A  is  also 
indicative  of  microorganism  decomposition. 

These  phenomena,  which  indicate  microorganism 
decomposition,  occur  with  almost  all  natural 
absorbent  polymers.  Some  synthetic  absorbent 

polymers  are  even  decomposed  by  microorganisms. 
Therefore,  before  selecting  an  absorbent  polymer  for 
use  in  an  optical  fiber  cable,  it  is  essential  that 
the  above  tests  be  carried  out. 

C,  lifted  of  microorganisms  on  optical  fibers 

The  effect  of  microorganisms  on  the  wavelength 
loss  characteristics  of  optical  fibers  was  measured 
using  a  300-meter-long  graded-lndex  fiber.  The 
fiber  was  soaked  in  soil  water  at  30 -t  for  20  days. 
The  soil  water  construed  of  filtered  soil  water, 


T ime  (day) 

tig.  I  Gas  piessure  in  a  flask  (in  which  absorbent 
polymer  and  soil  water  were  mixed)  as  a 
function  of  time 
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itfo.sorbrm  polymer,  und  Ml  .|^  12^*04*  I’he  results 

Lire  shown  in  Fig.2.  Fiber  loss  increased  murkcdlv 
at  1.21  |im,  1.70  jini,  and  1.88  jim.  Ih is  result 
indicates  that  the  hydrogen  gas  generation,  due  to 
microorganism  decomposition,  causes  changes  ;n 
w  ave length  characterist  ics. 


1.0  1.2  1.4  1.6  1.8 

Wave  length  (pm| 


f- ig.2  Change  in  wave-length  characteristics  due  u> 
microorganism  deconiposilion 

2.  thermal  stability 

Absorbent  polymers  with  water  (wet  condition) 
and  without  water  (dry  condition)  must  maintain 
their  absorptive  and  waterblocking  performance  lor 
more  than  ten  years. 

Degradation  of  absorption  characteristics _ (dry 

condition) 

1  he  aging  characteristics  of  dry  absorbent 
polymers  were  evaluated  by  examining  the  water 
absorbing  ability  after  the  absorbent  polvmcr  had 
been  stored  at  temperatures  of  90‘C,  150'C.  and 

200t.  The  absorption  ratio  is  defined  as  tile 

maximum  water  volume  that  a  unit  weight  ol 
absorbent  polymer  can  absorb.  I  be  relationship 


2.0 


10  years 

Aging  time  (minute) 

Klg.3  Degradation  in  absorbing  characteristics  of 
absorbent  polymers  due  to  temperature 
variation  over  time 


between  imic  and  temperature,  when  tin-  absorption 
ratio  degrades  to  80".,  or  ,,|  the  miti.ii  v.ilue. 

IS  shown  ill  I  ig.li.  I  he  fact  lllal  the  absorption 
ratio  degrades  with  fiotli  time  and  temper,  ituro 
indicates  that  cross-linking  in  the  ahsorhent  pohmei 
is  destroyed  by  hecit,  resulting  in  an  altered 
absorption  performance.  from  interpolating  these 
results,  it  can  be  stated  that  Synthetic  pohmer  A 
matritattis  at)  absorption  tat  to  g  renter  than  80". , 
its  initial  value,  and  exhibits  sufficient  absorptive 
characteristics,  even  alter  10  years.  However, 

Synthetic  polymer  B  can  be  expected  to  lose  m 
absorbing  ability  alter  about  2  years. 

2.2.  Degradation  ol  w  aterbloeking  c  haracterist  u  ■ 

I  wet  condition! 

When  water  penetrates  a  cable,  the  absorbent 
polymer  swells  and  changes  into  a  gel,  which  lornis 
a  waterblocking  dam. 

I  lie  long-term  w  at  er  block  I  ng  ability  was 
evaluated  by  measuring  the  viscosity  ol  the  gel. 

I  he  results  are  shown  in  l  lg.  l.  After  210  hours 

110  days)  at  HOC.  the  viscosity  ol  Synthetic  polvnier 

B  decreased  markedly.  It  fell  to  less  than  0.03 

poise,  which  is  almost  equal  to  the  value  of  water. 

Meanwhile,  the  viscosity  of  Synthetic  polymer  A 
remained  almost  the  same  as  its  initial  value. 

I  he  reduced  viscosity  results  in  a  greater  wate  r 
penetration  length.  Glass  pipes  filled  with 

absorbent  polymer  wore  set  at  HOt",  and  a  water 
pressure  level  ul  I  meter  was  applied  through  the 
cross-section  of  the  pipe.  Then  the  penetration 
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Hg.4  Viscosity  changes  in  absorbent  polymer  gel  due 
to  thermal  degradation  as  a  function  of  time 
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length  was  measured.  ihe  results  art*  shown  in 

f  ig.3.  It  is  clear  ihai  the  viscosity  change  results 
in  degradation  of  the  waterblocking  ability. 


I  hese  results  show  that  microorganism 
decomposition  and  thermal  stability  must  be 
evaluated  in  order  to  properly  select  the  absorbent 
polymer.  Ihe  evaluations  demonstrated  that  the 
Synthetic  polymer  A,  that  is,  the  poly -aery  lic-ac  id, 
is  suitable  tor  use  as  a  waterproofing  material. 
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(a)  Absorbent  powder  painted  ribbon 

(b)  Absorbent  polymer  yarn 

(c)  Absorbent  polymer  tape 

I  ig.b  Appearance  of  absorbent  materials  processed 
for  tile  cable 


absorbent  polymer  based  on  this  allowable  value  is 
also  discussed. 

1.  Allowable  penetration  length 

In  nonmetallic  cables  which  have  suffered  from 
penetration,  the  problem  was  suspected  to  result  in 
fiber  loss  increase  due  to  freezing,  and  fiber 
strength  degradation  over  long  time*  periods.  The 
allowable  penetration  length  should  be  determined  to 
resolve  these  problems. 

1.1  Loss  increase  due  to  freezing 

I:  was  poitnvd  out  that  the  freezing  of  water 
which  has  penetrated  an  optical  fiber  cable  induces 
a  large  loss  increase2,  .  To  determine  the 

allowable  penetration  length,  it  is  essential  to 
understand  the  mechanism  responsible  for  increasing 
loss,  and  to  determine  the  amount  of  loss  increase. 


Tig. A  Increase  in  penetration  length  due  to  thermal 
degradation  of  absorbent  gel  .is  a  function  of 
time 

3.  Proy •  essing  of  ahso rb< *nt  poly  tm*r 

J  he  absorbent  polymer  which  was  selected 
contained  two  kinds  of  source  material,  fiber  and 
powder.  !o  apply  these  absorbent  polymers  to 

cables,  form  processing  of  the  source  material  is 
important  to  permit  efficient  manufacturing  and 
operation.  !. specially  with  regard  to  powder,  form 

processing  is  indispensable  to  prevent  its  scattering 
in  the  air. 

I  lie  absorbent  polymers  which  are  powders  are 
thinly  painted  onto  the  plastic  ribbon  with  adhesives. 
Ihe  absorbent  polymers  which  are  tibers  are 
processed  into  the  terms  of  a  yarn  and  a  tape. 
Ihe  appearance  ol  the  forms  of  the  absorbent 
material  processed  for  the  cable  are  shown  in  I  ig.H, 

3.2  Waterproofing  structure  design 

Absorbent  polymers  allow  water  to  penetrate  to 
a  certain  length  before  forming  a  waterblocking 
dam.  A  short  penetration  is  desirable,  since 

penetrated  water  degrades  the  fiber  characteristics. 
Ihe  following  discusses  an  allowable  penetration 
length  so  that  the  cable  characteristics  can  be 
maintained.  A  waterproofing  design  using  an 


A.  Mechanism  responsible  for  loss  increase  due  to 
freezing 

The  cause  of  loss  increase  due  to  freezing  has 
been  presumed  to  be  the  laterai  pressure  associated 
with  cubical  expansion'1.  To  confirm  the  validity 
of  this  presumption,  experiments  using  stainless-steel 
pipe  models  were  carried  out.  Stainless-steel  pipes 
were  filled  with  water.  In  one  sample,  a  fiber 
ribbon  was  inserted  straight  into  the  pipe,  whereas 
in  the  other  sample,  the  fiber  ribbon  was  inserted 
with  bending.  Ihe.se  samples  were  set  in  a 

thermostat  ol  -201',  and  the  loss  change  was 
monitored. 

A  resulting  loss  increase  was  observed  with  the 
bent  fiber  ribbon  sample,  but  not  with  the  straight 
one.  Also,  during  freezing,  expansion  of  the 

stainless-steel  pipe  was  observed.  The  expansion 
ratio  of  the  pipe  diameter  indicated  that  a  lateral 
pressure  of  120  MPa  was  generated  in  the  pipe, 
i  bis  value  was  almost  the  same  as  that,  measured  in 
the  freezing  of  a  closed  water  pipe**.  These 

results  suggests  that  the  fiber  bending,  rather  than 
the  lateral  pressure,  is  the  cause  of  loss  increase. 

Io  confirm  the  above  suggestion,  freezing 
experiments  with  glass  pipe  models,  as  shown  in 
fig. 7(a),  were  carried  out.  A  fiber  ribbon  was 
inserted  in  the  glass  pipe  with  bending,  and  an 
adiabator  was  wrapped  around  the  pipe  Co  control 
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Glass  pipe  Fiber  ribbon  Epoxy  resin 


Light  source  |  1  Power  meter 

to 


Cubical  i  (a)  Before  freezing 
expansion 


i  i 


Glass  pipe  length  -  20  cm 
Water  part  length  -  10  cm 
Adiabat  or  length  ot  sample  1  -  0  cm 
sample  2-5  cm 
sample  3  =  9  cm 

lig.7  Glass  pipe  model  configuration  to  investigate 

the  loss  increasing  mechanism  due  to  freezing 

the  freezing  speed.  1  he  change  in  appearance  of 
the  model  during  the  freezing  process  was  observed 
and  recorded  b>  a  wdeo  tape  recorder.  I  he  hiss 

change  was  also  monitored. 

I  he  change  in  appearance  and  the  change  in 
fiber  loss  during  the  freezing  process  are  shown  in 
Kig.8  and  lig.9,  respectively.  figure  8  shows  that 
the  curvature  radius  ot  the  fiber  in  the  air-filled 
part  of  the  pipe  becomes  small  with  the  cubical 
expansion  during  the  freezing  as  illustrated  in 
hig.Tlb),  At  the  same  lime,  a  sleep  loss  increase 
was  measured  with  the  cubical  expansion. 

'these  results  and  the  recorded  video  tape  reveal 
the  following  to  he  the  loss  increasing  mechanism. 

(1)  Some  portions  of  the  water,  tor  example,  the 
place  where  the  water  meets  an  air  bubble, 
freezes  first. 

12)  I  he  frozen  part  attaches  to  the  coated  fiber. 

(3)  Other  parts  freeze  gradually  and  large  cubical 
expansion  occurs. 

(4)  I  he  first  tro/en  part  moves  In  attaching  to  the 
coated  fiber,  due  to  the  cubical  expansion  of 
other  parts. 

(5)  I  he  coated  liber  becomes  more  steeply  bent,  am) 
fiber  loss  increases. 

H.  I .oss  increase  estimation 

On  the  basis  ol  the  abeve  mechanism,  the 
amount  of  loss  increase  w  as  estimated 
experimentally.  A  single-mode  liber  ribbon  was 

inserted  into  glass  pipes  with  inner  diameters  of  2. 

I,  and  b  mm.  fhe  fibers  were  given  a  sinusoidal 

curvature,  and  the  fiber  loss  change  was  measured. 
Ihe  results  are  shown  ii.  tig.  10.  Regardless  of 

the  pipe’s  inner  diameter,  the  fiber  loss  was 
inversely  and  exponentially  proportional  to  the 
increase  in  the  minimum  curvature  radius.  Ihe* 

relationship  between  the  loss  increase  •/  and  the 
minimum  curvature  radius  [,•  is  given  as  follows; 


(a)  Before  freezing  (+I0C) 


(b)  In  freezing  (-15C) 
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4  6  8  10  20 


Minimum  radius  of  curvature  (mm) 

l  l.o>s  mcrt*u.sc  li*  a  tune-turn  of  the*  minimum 

radius  ot  curvature  tor  fibers  bent  mm  j 
sinusoidal  shape 


loss  increase  can  be  estimated  'rum  \  q j  |  i  b\  u-ih*; 
the  actual  K  n  v.ikn-  m  maiiut a»  luring. 

I- or  example,  if  the  loss  imrea.se  h  jvsuniwl 
be  5  dB/km.  w. huh  is  the  estimated  maximum  value, 
and  tile  allowable  loss  increase  nl  the  <  able  e 
assumed  to  be  at  0.02  dB/km.  I  tie  allowable 

penet  rat  ton  length  will  be  les>  than  }  meters. 

1.2  Strength  degradation  of  tjir  liber  in  _\vater 

In  water,  fiber  strength  degrades  graduaM)  over 
a  long  time.  therefore.  the  shorter  the 

penetration  distance,  tjie  better. 

Muajima  et  al.  ”  guaranteed  the  long-term 
reliabihiv  of  libers  t)\  using  the  prool  test  condition 
in  manut act unng.  as  follows: 

(2) 

w here  "  is  the  strain  in  the  proof  test,  is  the 

strain  m  tin-  held,  is  the  period  of  time  in 

service,  and  is  the  failure  probability  per 

5000  km.  1  nder  the  conditions  of  ct  =  0.5 
strength  fatigue  index  n  =  17  (in  water),  and  b-  = 

10  wars,  tlv  allowable  length  a  fiber  mas  br 
submerged  in  water  becomes  187  meters.  I- or  a 

•40-tiber  cable,  the  allowable  submerged  cable  length 
is  approvimatelv  12  meters. 


s  !  p 


<11 

III  general,  during  manufacture,  fiber  ribbons  are 
assembled  in  slotted  cores  having  27-30  mm  R 
In  tills  condition,  a  cubical  expansion  of  4",,  dunng 
the  freezing  brings  a  R  change  of  I  mm.  I  his 
^itiiii  (  hange  causes  a  2-3  dB/km  loss  increase,  as 
is  clear  from  I.q.Uh 

1  he  measured  loss  increase  with  a  slotted  core 
cable  due  to  t  roc/mg  is  shown  in  fig.  II.  llie 

lengths  ot  the  frozen  cable  and  the  Iro/en  coated 


fiber  were  50  meters  and  200  meter. 
I  lie  measurement  loss  increase  was 
-IOC.  1  Ills  value  agrees  well  with 


>,  respectively. 
2.5  dB/km  at 
the  estimated 


\  alue. 


Ibis  agreement  indicates  that  the  amount  ol 


-40  -20  0  20 

Temperature  (  C.) 

kig.ll  Increase  m  optical  liber  loss  ol  water 
penetrated  cable  due  to  freezing 


2. 


Re  net  "alien  length  design 
Many  waterproofing  tests 


penetrates  into  cables  filled  with 


show  that 
absorbent 


according  to  two  modes.  One  is  the 


water 
poly  mer 
initial 


penetration  mode,  which  corresponds  to  the  first  20- 
30  minutes  ot  penetration.  In  this  mode,  the 

penetration  length  increases  rapidly.  The  other 

mode  is  a  long-term  penetration  mode,  which  occurs 
continuously  after  the  initial  penetration  mode.  In 
this  mode,  the  penetration  length  hardly  increases. 

The  waterproofing  structure  should  be  designed 
in  consideration  of  each  penetration  mode,  so  as  to 
restric  t  the-  penetration  to  an  allowable  value. 


2.1  Initial  penetration  mode 

In  the  initial  penetration  mode,  the  penetration 
length  varies  with  the  water  pressure,  and  the 
cross-sectional  area  and  the  shape  of  the  space  in 
the  cable. 

1  he  penetration  length,  l.(t),  at  time  t  is  given 
by  the-  lollowmg  equation,  taking  into  considering 
the  reduction  in  the  cross-sectional  area  of  the 
watercourse  due  to  absorbent  polymer  swelling: 


til  /  R 
=  I A  /  l. 


R(.  -  Reynolds  number, 
cl,,  =  equivalent  diameter, 

A  =  cross-sectional  area  of  watercourse, 
l  =  wetted  perimeter  of  watercourse, 

;  =  loss  coefficient  at  the  entrance  of 
watercourse,  and 
g  =  acceleration  due  to  gravity, 
lo  determine  whether  this  equation  is  valid, 
watercourse  model  ol  the  cubic  .space  were 
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constructed,  as  shown  in  I  ig.  12.  'I  hr  absorption 
ratio  and  tin-  absorbing  speed  of  tin-  absorbent 
ribbon  were  120  ce/g  and  0.3  cc/g-sec,  respectively, 
l  or  the  absorbing  powder,  the  values  were  480  ce/g 
and  5.8  ce/g-sec,  respectively.  figure  12  shows  the 
penetration  length  calculated  from  Lq.(3),  as  well  as 
the  experimental  values.  Hu*  calculated  results 

are  in  good  agreement  with  the  experimental  values. 
I  hese  results  indicate  that  the  initial  penetration 
length  Jan  be  estimated  using  fq.(3). 

I'he  relationship,  calculated  by  using  fq.(3), 

>etween  the  initial  penetration  length  and  the  filling 

condition  ol  the  absorbent  polymer  in  a  2  mmgf  pipe 

is  shown  in  t  ig.  13.  In  this  model,  a  fiber  ribbon 

and  two  absorbent  ribbons  were  inserted  into  the 
pipe.  Here,  the  filling  conditions  of  the  absorbent 
polymer  were  determined  by  two  parameters.  One 
is  the  normalized  filling  density  of  the  absorbent 
polymer,  which  is  defined  b>: 

l>-  I’’*  ,  (4) 

where  I)  -  norimtli/ed  filling  Oensit >  of  the 
absorbent, 

D  =  filling  density  of  the  absorbent 
(g/cnr5),  and 

S  ft.  absorption  ratio  (cnr/gl. 

the  other  parameter  is  the  wetted  perimeter 
ratio,  which  indicates  the  degree  of  uniformity  of 
the  filling  for  the  absorbent  polymer  in  the 
watercourse.  Hits  is  defined  as: 

R  IM  I’t  ,  (5) 

where  K  -  wetted  perimeter  ratio, 

l*u-  wetted  perimeter  of  absorbent  (cm), 
fj  =  total  wetted  Perimeter  of  the 
watercourse  (cm). 

figure  13  shows  that  a  large  l)  and  large  R 


Water  pressure  level  (m) 

fig.  12  Initial  penetration  length  in  watercourse  model 


5  10  20  30 

Normalized  filling  density  of  absorbent  Dn 


f  ig.  13  Lxample  of  penetration  length  computed  for 
absorbent  ribbons 


combine  to  yield  a  short  penetration  length. 
Therefore,  to  achieve  a  short  penetration  length,  the 
absorbent  polymer  must  be  filled  densely  and 
untform'y. 

2.2  Long-term  penetration  mode 

A  glass  pipe  was  filled  with  the  absorbent 
polymer,  and  the  long-term  increase  in  penet  rat  n  »:• 
length  was  examined  under  the  condition*  <>t  l  2 
meters  water  pressure  level  at  Dn  of  10- lb.  I"- 
results  are  shown  in  fig.  14.  The  penetr.i*. 

length  increased  proportionally  to  about  tin  1  ; 

power  of  time  1,  us  given  by  tho  !«•':•  -w . 
equation,  regardless  of  the  water  pressure  b  \- 
the  filling  density  of  the  absorbent  polvnter. 

1,  I.MT  ■' 

Hits  indicates  that  long-term  elongaim- 
penetration  length  is  caused  by  water  ciMu 

the  absorbent  polymer,  which  can  he  <  0 
Lq.(6).  Ihe  estimated  increase  e  • 

length  is  approximately  50  cm  *»m  r  . i  I" 

Hie  waterproofing  structure  i*  d*  . 
suppress  the  initial  penetralioi 
with  the  results  in  lig.  13.  I  hi- 
long-term  penetration  length  .  * 
function  ol  tile  tilling  rmidil 

poly  mer. 

3.  Waterproof  te^t  m- 

As  meni  min  d  ab«  .  :  •  • 
for  an  absorbent -poi\ :tn  - 
different  tn>m  n  it 
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Dn  :  Normalized  filling  density 
W.P.  :  Water  pressure  level 

Fig. 14  Long-ferm  elongation  of  penetration  length 

3.1  Quality  of  water 

Underground  water  contains  many  kinds  of  ions 

and  microorganisms.  The  waterproofing  ability  of 
absorbent  polymers  varies  with  the  kinds  and 
amounts  of  ions  in  the  water.  Therefore,  for 

precise  evaluation,  it  is  necessary  to  determine  what 
these  are. 

Water  in  manholes  is  considered  to  contain  most 
kinds  and  amounts  of  ions.  This  is  because  not 

only  soil  water  pours  into  manholes,  but  also  many 

kinds  of  ions  seep  out  i.'om  the  concrete  or 

metallic  materials  in  the  manhole. 

Ion  analysis  results  of  water  tested  from  46 

manholes  in  Japan'  showed  that  the  water  in  99% 
of  the  manholes  contained  300  mg/I  of  Na+,  200 

mg/I  of  Ca  ,  and  100  mg/I  of  K*,  at  maximum. 
Therefore,  a  cable  which  has  waterproofing  ability 
against  such  water  can  be  applied  to  99%  of  all 

manholes. 

3.2  Water  supplying  method 

Conventionally,  there  are  two  water  supplying 
methods.  One  is  to  supply  it  through  a  cross- 

section  of  the  cable  (the  A  method),  and  the  other 
is  to  supply  it  through  the  lateral  face  of  the  cable 
from  which  the  sheath  is  removed  (the  fi  method). 

To  confirm  the  dependency  of  penetration  length 
on  the  water  supplying  method  and  the  quality  of 
water,  waterproofing  tests  were  carried  out  for  a 
40-fiber  slotted-core  cable.  The  number  of 

samples  was  10.  The  penetration  length  was 

measured  after  24  hours.  The  results  are  shown  in 
Fig. 1 5. 

The  penetration  length  tested  with  ion  water 
was  about  twice  that  tested  with  distilled  water. 
There  was  no  difference  between  the  two  water 
supplying  methods. 

These  results  indicate  that  for  waterproof  testing 
of  cables  filled  with  absorbent  polymer,  water 
containing  the  aforesaid  ions  should  be  used,  and 
either  water  supplying  methods  can  be  applied. 
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Fig.  15  Penetration  length  as  a  function  of  water 
pressure  level,  using  the  waterproof  test 
method  as  a  parameter 


4.  Nonmetallic  sheath  design 

To  make  the  sheath  nonmetallic,  the  following 
two  subjects  need  to  be  studied. 

(1)  Sheath  shrinkage. 

(2)  Moisture  permeation  through  the  sheath. 

Here,  these  subjects  and  the  nonmetallic  sheath 
design  are  discussed. 

I.  Design  in  consideration  of  sheath  shrinkage 

Large  sheath  shrinkage  is  feared  to  induce  the 
displacement  of  coated  fibers  in  cable  cores,  and  is 
feared  to  result  in  fiber  loss  increase.  Therefore, 
a  design  to  suppress  the  sheath  shrinkage  as  much 

as  possible  is  necessary. 

1.1  Sheath  shrinking  mechanism  and  the  amount  of 
shrinkage 

In  a  plastic  sheath,  the  shrinking  force  due  to 
the  residual  strain  in  manufacturing  is  always  acting, 
as  shown  in  Fig.  16.  Furthermore,  a  shrinking  force 
caused  by  temperature  variation  also  operates  on  the 
sheath. 

In  a  nonme’allic  sheath,  only  the  friction  force 

between  the  sheath  and  cable  core  resists  this 
shrinking  force.  In  the  region  where  the  shrinking 

force  is  larger  than  the  friction  force,  sheath 
shrinkage  occurs. 

The  sheath  displacement,  Si',  at  the  cable  end 
is  given  by  the  following  equation: 

Si  t  )  |  |  K,s,<  x.l  idxdt  (7) 

-(Fs-Fp)/EA 

where  E  and  A  are  the  Young's  modulus  and  cross 

sectional  area  of  sheath,  respectively,  and  lv  is  the 
strain  releasing  ratio  per  unit  time. 

A  waterproof  optical  fiber  cable  (shown  in 
Fig.  17)  which  has  comparatively  small  friction  force 
was  installed  in  a  thermostat,  and  a  heat-cycle  test 
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x  =  0 
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£=>  Fs  =  Fb  +  Fh 
<=3  Fp 


F<j=Total  shrinking  force 
F^Shrinking  force  due  to  residual  strain 
F [^Shrinking  force  due  to  temperature  variation 
Fp=Friction  force  between  the  sheath  and  the 
cable  core 

L0=ReSion  where  the  sheath  is  displaced 
Fig.  16  Sheath  shrinking  mechanism 


in  the  temperature  range  of  -20C  to  +80t  was 
carried  out.  The  cable  length  was  200  meters. 
The  amount  of  shrinkage  at  the  cable  end  was 
measured,  and  the  results  are  shown  in  Fig.  17. 
They  accord  with  the  results  calculated  from  Eq.(7). 

The  amount  of  shrinkage  increases  with  the  heat 
cycles,  at  first.  However,  after  about  10  cycles, 
it  shows  a  tendency  to  saturate,  due  to  the  release 
of  residual  strain.  Thus  only  the  shrink  variation 
caused  by  temperature  change  is  left. 

Experimental  values  agree  well  with  the 
calculated  results  and  it  is  clarified  that  the  amount 
of  shrinkage  can  be  estimated  by  Eq.(7). 

By  setting  the  allowable  amount  of  shrinkage  to 
suppress  the  loss  increase,  the  maximum  sheath 
thickness  and  the  minimum  friction  can  be 
determined  by  using  Eq.(7). 

1.2  Loss  increase  due  to  sheath  shrinkage 

Sheath  shrinkage  induces  coated  fiber 
displacement  with  an  interaction  between  the  sheath 


- Calculated 


0  12  3  4 

Time  (day) 


and  the  coated  fiber.  The  fiber  displacement 

causes  a  steep  bend  in  the  fiber,  as  well  as  large 
loss  increase. 

The  displacement  of  the  coated  fiber,  '«<  <  ,  due 
to  the  sheath  shrinkage,  6t  i  >  is  given  by  following 
equation: 

Vt)  K«'n  ,  (8) 

where  K  is  the  transfer  coefficient  of  displacement 
between  the  sheath  and  the  coated  fiber.  As  R„„„ 
caused  by  5r(0  is  obtained  geometrically,  the  loss 
increase  Aa  due  to  the  sheath  shrinkage  is  obtained 
from  Eqs.(l),  (7),  and  (8). 

A  calculated  example  of  loss  increase  due  to 
sheath  shrinkage  for  a  40-fiber  slotted-core  cable  (to 
be  described  later)  is  shown  in  Fig.  18.  The 

transfer  coefficient  of  this  cable  was  obtained  by 
measuring  the  ratio  of  the  coated  fiber  displacement 
to  the  sheath  displacement  in  a  cable  core  by 
pulling  it  from  the  sheath.  The  upper  lint  of 
Fig. 18  shows  the  relation  between  the  sheath 
thickness  and  the  friction  force.  This  must  be 
known  to  suppress  the  loss  increase,  due  to  the 
sheath  shrinkage,  to  less  than  0.05  dB. 

The  same  figure  also  shows  (as  the  lower  line), 
the  area  where  the  sheath  does  not  break  down. 
The  area  within  the  two  lines  gives  the  appropriate 
design  area  of  the  sheath. 


2.  Design  considering  moisture  permeation 

Moisture  permeates  through  a  nonmetallic  sheath 
easily,  compared  with  a  conventional  LAP  sheath. 
Here,  the  accumulated  amount  of  moisture  which 
permeates  through  the  sheath  is  estimated,  and  the 
sheath  design  is  shown. 


Fig.  17  Sheath  shrinkage  during  heat-cycle  test 


Fig.18  Calculated  sheath  design  parameters  in 
consideration  of  sheath  shrinkage 
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2.|  The  amount  of  moisture  permeation 

The  permeability  of  a  plastic  cylinder  is  given 
b>  the  following  equation: 

li  ( .  ~h  a  ,  (9) 

where  p  is  the  permeability  of  sheath,  and  a  and  b 
are  the  cable  diameter  and  cable  core  diameter, 
respectively. 

The  amount  of  moisture  which  permeates  is 
shown  by  the  following  equation,  assuming  that  the 
cable  space  is  always  dry: 

Jim,  I  m,,U  .  HO) 

where  II  is  the  saturated  steam  pressure  at 
temperature  TC. 

The  calculated  amount  of  moisture  accumulation 
for  one  year  is  shown  in  Fig.  19.  The  accumulation 
of  moisture  increases  steeply  for  thin  sheaths. 

On  the  other  hand,  the  materials  which  compose 
!he  cable  absorb  the  permeated  moisture.  for 

example,  for  the  TO-fiber  slotted-eore  cable  (to  be 
described  later),  the  component  materials  containing 
absorbent  polvmer  can  absorb  more  than  10  g. 
Therefore,  to  have  a  service  life  of  more  than  10 
tears  with  this  cable,  the  moisture  accumulation  per 
tear  should  be  less  than  I  g.  For  this  condition, 
Figure  19  indicates  that  a  sheath  thickness  ol  more 
than  1  mm  is  necessary. 

The  adequate  sheath  thickness  and  the  adequate 
friction  between  the  sheath  and  the  cable  core  can 
be  designed  in  consideration  ol  the  area  shown  in 
Tig.  18  and  the  minimum  sheath  thickness  given  trom 
Fig. 19. 

5.  Nonmetallic  strength  member  application  design 

The  material  for  the  strength  member  should 
salisfx  the  following  conditions. 

(II  High  breaking  strength, 

(21  High  Young's  modulus, 

(3)  l.ow  linear  expansion  coefficient,  and 

(4)  High  reliability  under  the  actual  operating 
circumstances  of  the  cable. 


Sheath  thickness  (mm) 

Fig.  19  Calculated  sheath  design  parameters  in 
consideration  of  moisture  permeation  . 


For  these  conditions.  Fiber  Reinforced  Plastic 
(FRP),  Aramid  yarn,  Polyoxy  Methylene  (POM),  and 
Liquid  Crystal  Polymer  (LCP)  can  be  considered  for 
application.  To  develop  the  cable,  fRP  using  glass 
yarn  us  the  high  modulus  yarn  was  adopted, 
considering  its  heat  resisting  property,  bending 
strength,  and  resistance  against  the  shrinkage  of 
plastic  materials. 

1.  Mechanical  characteristics  of  the  FRP 

A  comparison  of  the  mechanical  characteristics 
of  FRP  with  conventional  steel  wire  shows  that  its 
inferior  characteristics  are  its  bending  strength  and 
resistance  to  lateral  pressure.  However,  for 

practical  use,  the  lateral  pressure  characti-istics  of 
FRP  are  sufficient,  but  the  most  serious  practical 
problem  is  Its  bending  strength.  Therefore,  a 

design  considering  the  bending  fatigue  characteristics 
is  necessary. 

2.  Relation  between  muterial  composition  and 
bending  laligue  characteristics 

The  FRP  was  bent  at  a  certain  curvature  radius, 
and  fixed.  The  samples  were  set  under  various 

circumstances,  and  the  time  until  the  FRP  broke 
was  measured. 

The  results  for  FRP  samples  composed  of 

different  glass  materials,  resin,  and  resin  catalyst 
are  shown  in  Fig.20.  The  results  indicate  that  the 
bending  fatigue  characteristics  depend  mainly  on  the 
glass  material,  and  that  T-glass  FRP  can  much 
improve  the  characteristics  of  E-glass  FRP. 

To  clarify  the  cause  of  this,  the  dipping  liquid 

for  the  sample  was  analyzed  with  Ion  Coupled 
Plasma  (ICP).  The  analyses  showed  that  the 

amount  of  eluted  alkaline-metals  from  the  E-glass 


Time  (hour) 

(a)  Conventional  E-glass  FRP 

(b)  E-glass  FRP  composed  by  resin  catalyst  as  a 
parameter 

(c)  E-glass  FRP  composed  by  resin  as  a  parameter 

(d)  T-glass  FRP 

Fig.20  Cumulative  failure  probability  as  a  function 
of  time,  using  material  composition  as  a 
parameter 
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FRP  were  much  more  than  that  from  the  T-glass 

FRP.  This  suggests  that  the  alkaline-metal  elution 
caused  surface  cracks  in  the  glass,  and  degradation 
of  the  fiber  strength. 

3,  Allowable  bending  radius  design  in  application 

Bent  E-glass  FRP  and  T-glass  FRP  were  dipped 
in  60t  water,  which  is  considered  to  be  the  most 
severe  practical  condition,  and  the  mean  failure 

time  was  measured.  The  results  are  shown  in 
Fig.2 1.  It  is  clear  that  the  T-glass  FRP  can  be 
bent  to  a  smaller  curvature  radius  than  can  the  E- 
glass  FRP. 

If  the  failure  probability  of  FRP  is  assumed  to 

be  the  same  as  that  of  a  coated  fiber,  the  required 
mean  failure  time  can  be  determined  from  the 
hatched  area  in  Fig.2 1.  Bending  strain  in  this 

hatched  area  is  allowable,  and  the  allowable  bending 
radius  in  application  can  be  determined  according  to 
the  diameter  of  the  FRP  rod. 


Bending  strain  (%) 

Fig.2 1  Mean  failure  time  as  a  function  of  bending 
strain 


6.  Nonmetallic  water  penetration  sensor 

Cable  joints  have  a  high  probability  of  being 
damaged,  or  of  having  pin-holes,  due  to  miss- 
operation.  When  water  penetrates  through  these 
damaged  parts  or  pin-holes,  troubles  such  as  loss 
increase  due  to  freezing  can  occur.  Therefore,  it 
is  desirable  to  detect  the  water  penetration  into  the 
joints  as  soon  as  possible.  However,  no 

nonmetallic  water  penetration  sensors  have  been 
developed.  Here,  a  novel,  nonmetallic,  water- 
penetration  sensor  is  proposed.  It  can  detect 

water  penetration  quickly,  and  can  also  locate  the 
points  where  the  penetration  occurred. 

I.  Structure  and  mechanism  of  sensor 

Figure  22  shows  the  structure  and  mechanism  of 
the  sensor.  The  sensor  can  be  constructed  easily 
by  holding  a  monitoring  fiber  in  grooves  on  two 
hinged  plates.  A  shrinkable  thread  is  hung  over 
the  monitoring  fiber.  When  water  penetration 

occurs,  the  thread  shrinks,  and  the  fiber  bends 
sharply.  This  causes  an  increase  in  transmission 
loss.  Thus,  the  penetration  can  be  detected  by 


Shrinkable  thread 


Monitoring  fiber 


(A)  Before  penetration 


t  Thread  which 
(  shares  shrinking 
1  force 

^  Water  absorbent 
thread 


Fig. 22  Structure  and  mechanism  of  nonmetallic  water 
penetration  sensor 


monitoring  the  transmission  loss  change  with  an 
Optical-Power-Meter  (OPM).  Also  the  penetration 
points  can  be  located  using  an  Optical-Time-Domain- 
Reflectometer  (OTDR).  The  sensors  can  be  set 
anywhere  along  the  monitoring  fiber  without  causing 
any  degradation  in  the  transmission  characteristics  of 
the  fiber. 


2.  Characteristics  of  sensor 

The  shrinking  force  of  the  thread  was 
approximately  200g  at  the  maximum,  and  this  force 
decreased  exponentially  as  the  shrinkage  continued. 
The  shrinking  speed  was  so  high  that  the  maximum 
shrinkage  was  attained  in  about  10  seconds.  The 
loss  increase  of  the  monitoring  fiber  due  to  thread 
shrinkage  was  measured,  and  the  results  are  shown 
in  Fig.23.  Bending  loss  increased  sharply  for  small 
changes  in  the  shrinking  length,  s,  and  a  large  loss 
increase  was  easily  obtained. 


Fig.23  Loss  increase  as  a  function  of  shrinkage 
length  of  the  shrinkable  thread 
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3.  Applications 

The  proposed  sensors  are  applied  to  monitor 
water  penetration  into  joints  of  optical  cable  lines. 
The  sensors  are  set  at  every  cable  joint  on  a 
monitoring  fiber.  Water  penetration  point  can  be 
detect  from  the  fiber  end  in  a  telephone  office. 
A  measured  OTDR  scan,  when  the  sensor  is  set  at 
7.2  km  from  the  office,  is  shown  in  Fig.24.  A 
loss  increase  of  1  dB  can  be  clearly  observed  at 
the  penetration  point.  The  applicable  limit  for  the 
distance  depends  on  the  sensitivity  of  the  OTDR, 
but  in  this  study,  a  length  of  more  than  10  km  was 
achieved. 


(a)  Before  penetration 


(b)  After  penetration 

Fig.24  OTDR  scan  of  optical  fiber  cable  line 
II  km/div.;  I  dtl/div.;  pulse  width  =  l  us) 

7.  Characteristics  of  the  manufactured  cable 

A  waterproof,  nonmetallic,  optical-fiber  cable 
was  manufactured  taking  into  account  the  aforesaid 
designs,  and  the  cable  performance  was  evaluated. 
Here,  the  40-fiber  sigle-mode  cable  structure  and  its 
characteristics  are  discussed. 

I.  Structure  of  the  manufactured  cable 

To  minimize  the  cable  core  size,  a  cable 
structure  consisting  of  a  slotted  core,  with  piled-up 
fiber  ribbons,  was  selected.  The  relationship 

between  the  cable  core  size  and  the  number  of 
slots  is  shown  in  F  ig. 25.  For  the  40-l  iber  cable,  6 
is  an  adequate  number  of  slots.  The  structure  of 
the  manufactured  40-fiber  slotted-core  cable  is 
shown  in  Fig.26,  and  its  appearance  is  shown  in 
Fig.27.  To  make  the  structure  nonmetallic,  FRf’ 
rod  was  used  for  the  strength  member  instead  of 
steel  wire,  and  a  PL  sheath  was  used  instead  of  an 
LAP  sheath.  As  for  the  waterproofing  materials. 


Number  of  slots 


Fig.25  Relationship  between  cable  core  diameter  and 
number  of  slots 


Plastic  outer  sheath 

Absorbent  wrapping 
tape 

Absorbent  ribbon 

Mono  coated 
fiber 

Slotted  rod 

FRP  strength 
member 

Fiber  ribbon 


Fig.26  Cross-sectional  structure  of  40-fiber, 

nonmetallic,  waterproof,  optical  fiber  cable 


Fig.27  Appearance  of  the  manufactured  cable 


absorbent  ribbons  were  assembled  in  slots,  together 
with  fiber  ribbons,  and  absorbent  wrapping  tapes 
were  used  around  the  slotted  core. 

Poly-acrylic-acid  was  used  as  the  absorbent 
material.  A  normalized  filling  density  of  18,  and 
a  wetted  perimeter  ratio  of  20%,  respectively,  were 
chosen  to  suppress  the  initial  penetration  length  to 
within  50  cm.  This  value  was  determined  by 
setting  the  total  allowable  penetration  length  to  100 
cm,  and  the  long-term  penetration  length  elongation 
to  50  cm. 
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2.  Evaluation  results 


15 


2.1  Waterproofing  characteristics 

Water  containing  ions  was  applied  to  the  cross- 
section  of  the  cable  at  a  pressure  of  0.1  atm,  and 
the  penetration  length  was  measured  after  24  hours. 
The  results  are  shown  in  Table  1.  The  values  are 

in  good  agreement  with  the  designed  initial 
penetration  length  of  50  cm. 

2.2  Mechanical  characteristics 

The  cable  was  subjected  to  external  forces,  such 
as  lateral  load,  bending  force,  and  tensile  force,  and 
the  loss  changes  were  measured.  The  results  are 

shown  in  Table  2.  The  performance  characteristics 
for  the  cable  were  essentially  the  same  as  those  for 
convent'  nal  air-core  cables. 

2.L  ■'  it-cvcle  test  results 

i.ie  sheath  shrinkage  was  examined  in  the 
temperature  range  of  -20tT  to  +60  1C.  The  sheath 
displacement  and  shrinking  force  at  the  cable  end 

are  shown  in  Fig.28.  The  maximum  sheath 

displacement  was  10  mm,  and  the  maximum 
shrinking  force  was  12  kg.  The  transmission  loss 
change  was  less  than  0.02  dB.  These  values  are 

sufficiently  small  for  practical  applications. 

2.4  Field  trials 

To  confirm  the  efficiency  of  installation  and 
jointing,  and  long-term  reliability,  this  cable  was 
installed  in  the  field  and  evaluated.  The 

installation  length  was  42.5  km  in  total,  and  the 
number  of  cable  joints  was  31.  Some  photographs 
of  the  installation  configuration  are  shown  in  Fig.29. 

The  trial  results  showed  that  this  cable  yielded 
high  efficiency  for  both  installation  and  jointing. 


Table  I.  Waterproof  test  results 


Penetrated  part 

Penetration  length 

Designed 

Measured 
(mean  S.D.) 

Wrapping  tape 

50 

42.5  12.3 

Slot 

50 

44.0  10.0 

(uniticm) 


Table  2.  Mechanical  characteristics 


Items 

Test  conditions 

Execess  loss 

Tensile  test 

T  =  0  -  200  kg 

<  0.01  dB 

Bending  test 

R  =  30  -  100  mm 

<  0.01  dB 

(R  >  65mm) 

Lateral  load 
test 

W  =  0  -  10  kg/mm 

<  0.01  dB 
(W<9kg/mm) 

Dynamic 

bend-tension 

test 

T  =  0  -  200  kg 

R  =  250  mm 

L  =  50  m 

<  0.01  dB 

T:  Tension  L:  Cable  length 

R:  Bending  radius  W:  Lateral  load 


30 


Fig. 28  Movement  at  cable  and  shrinking  force  of 
sheath  during  heat  cycle  test 


(a)  Delivery  terminal 


(b)  Pulling  terminal 


(c)  Cable  jointing 


Fig.29  Photographs  of  the  field  trial  installation 
configuration 
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Movement  at  cable  end  (mm) 


8.  Conclusion 

A  nonmetallic  optical  fiber  cable  waterproofed 
with  absorbent  polymer,  was  developed.  To 

identify  an  effective  waterproofing  technique,  a 
method  for  evaluating  the  reliability  of  the 
absorbent  polymer,  as  well  as  the  waterproofing 
design,  were  investigated.  For  the  nonmetallic 
technique,  a  nonmetallic  sheath,  a  nonmetallic 
strength  member,  and  a  nonmetallic  water 
penetration  sensor  design  were  discussed.  The 

following  main  points  were  made. 

A.  Waterproofing  technique 

(1)  Poly-acrylic-acid,  which  is  a  synthetic  polymer, 
is  suitable  for  use  as  a  waterproofing  material. 

(2)  The  optical  fiber  loss  of  water-penetrated  cables 

increases  due  to  freezing.  The  allowable 

penetration  length  of  waterproof  cables  can  be 
determined  so  as  to  suppress  this  loss  increase. 

(3)  Penetration  length  increases  according  to  two 
modes.  One  is  an  initial  penetration  mode,  which 
is  determined  by  the  water  pressure  level  and  the 
absorbent  polymer  filling  conditions  in  the  cable. 
The  other  is  a  long-term  penetration  mode,  which  is 
determined  by  the  diffusion  of  water  in  the 
absorbent  polymer. 

B.  Nonmetallic  technique 

(1)  The  design  of  a  nonmetallic  sheath  can  be 
determined  from  two  factors.  One  is  to  suppress 
the  sheath  shrinkage  in  relation  to  the  friction  force 
between  the  sheath  and  the  cable  core.  The  other 
is  to  suppress  the  moisture  permeation. 

(2)  The  reliability  of  the  FRP  depends  mainly  on 
the  glass  material.  The  FRP  with  a  I -glass  fiber 
has  high  reliability,  compared  with  the  conventional 
E-glass  fiber.  The  allowable  bending  radius  can  be 
set. 

(3)  A  nonmetallic  water-penetration  sensor  can  be 
composed  by  fiber  and  shrinkable  thread,  and  it  can 
detect  water  penetration  at  point  of  10  km  apart 
from  the  telephone  office. 

Cables  manufactured  on  the  basis  of  the  results 
from  the  investigation  described  above  were  shown 
to  perform  satisfactorily  for  practical  applications. 


5.  S.Oiwake.H.Saito.H.lnada  and  I.Tokura:  'Study  on 
dimensionless  criterion  of  fracture  of  closed  pipe 
due  to  freezing  of  water', W&rm  und 
stoffubertragung,  20,  pp.323-328,  1986 

6.  Y.Miyajima  et  al.:  'Fiber  strength  assurance  for 
deep-submarine  optical-fiber  cable  using  the 
proof-testing  method',  J.  Lightwave  Technol.,  LT- 
3,  2,  pp.248-255,  1985 

7.  N.Honma:  private  communication. 
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Summary 

This  paper  relates  to  an  evaluation  of  the  characteris¬ 
tics  of  the  optical  rotary  joint  developed  by  extending  the 
concept  of  the  slip  ring  to  an  optical  system  using  ring- 
shaped  photo  diode.  We  carried  out  a  characteristics  evalu¬ 
ation  test  and  as  a  result  obtained  a  good  rotation  variance 
characteristic  (below  1  dB),  frequency  characteristic  (cut¬ 
off  frequency:  50  MHz),  and  inter-ring  crosstalk  charac¬ 
teristic  (isolation  ratio  of  60  dB  at  4.2  MHz),  and  further 
we  carried  out  the  base  band  analog  color  video  signal 
transmission  by  making  a  level  difference  of  7  dB  between 
the  E/O  converter  and  the  ring-shaped  photo  diode  and 
obtained  a  SN  ratio  of  47  dB  and  also  obtained  a  favorable- 
result  of  digital  signal  transmission. 

I .  Introduction 

The  superiority  of  optical  fiber  in  light  weight,  wide¬ 
band.  inductive-proof,  and  so  on  attracts  attention  to  the 
applicability  of  optical  fiber  to  such  ocean  engineering 
systems  containing  rotary  mechanism  as  vuoy  system  and 
winch  system,  and  the  development  of  a  highly  reliable 
multi-channel  optical  rotary  joint  has  become  an  important 
subject  in  the  field  of  marine  technology. 

In  the  conventional  ocean  engineering  system  using 
metallic  cable,  the  jointing  mechanism,  as  can  be  seen  in 
the  joint  section  between  marine  cable  and  the  terminal 
device,  the  jointing  section  between  marine  cable  and  the 
winch  on  board,  or  the  like,  uses  slip  rings,  whereby  multi¬ 
channel  rotary  joint  could  be  implemented  relatively  easily. 

On  the  other  hand,  as  for  the  rotary  joint  mechanism 
for  optical  fiber  cable,  single-channel  optical  rotary  con¬ 
nector  by  facing  each  ends  of  fiber  has  been  already  de¬ 
veloped,  but  this  method  is  limited  in  use,  that  is,  it  can 
apply  to  only  single-core  optical  fiber  cable.  Although 
a  number  of  types  of  multi-channel  rotary  joint  mechanism 
have  been  developed  so  far  using  prism,  spherical  mirror, 
or  the  like,  they  all  have  as  much  joint  loss  as  a  few  decibels 
and  a  rotation  variance  of  greater  than  one  decibel,  which 
the  authors  consider  there  still  remains  the  necessity  of 
further  examining  characteristics. 

The  requirements  that  the  optical  fiber  rotary  joint 
must  meet  arc  considered  as  follows. 

( 1 )  No  signal  deterioration  is  caused  by  rotation. 

(2)  Frequency  band  width  is  wide  enough. 

(3)  Insertion  loss  is  small. 

(4)  Mechanical  reliability  is  high. 


Under  the  situation  stated  so  far.  as  a  means  of  im¬ 
plementing  a  multi-channel  optical  rotary  joint  that  meets 
these  requirements  we  proposed  the  ring-shaped  photo 
diode  devised  by  extending  the  concept  of  the  slip  ring  for 
an  optical  system,  developed  the  4-channel  optical  rotary 
connector  using  the  photo  diode  consisting  of  quadruple 
ring-shaped  Si-PIN-PD,  and  carried  out  an  evaluation  ex¬ 
periment. 

The  ring-shaped  PD  is  the  photo  diode  consisting  of  a 
plural  number  of  rings  which  are  arranged  concentrically 
and  which  have  a  uniform  photo  receiving  sensitivity,  and 
it  is  characterized  by  having  an  extremely  small  rotation 
variance  of  signal  output. 

In  this  paper,  the  authors  will  describe  the  result  of 
the  evaluation  test  done  for  the  rotation  variance  charac¬ 
teristic.  frequency  characteristic,  and  inter-ring  crosstalk 
characteristic  of  the  4-channcl  optical  rotary  connector 
constituted  by  mounting  this  ring-shaped  PD  to  the  bearing 
rotary  mechanism  and  the  case  provided  with  4  receptacles 
for  connecting  optical  fiber  and  the  result  of  the  experi¬ 
ment  of  base  band  analog  color  video  signal  transmission 
and  that  of  digital  signal  transmission. 

2.  An  Outline  of  the  Quadruple  Ring-Shaped  Si-PIN-PD 

2.1  Structure 

Fig.  I  shows  the  structure  of  the  quadruple  ring-shaped 
Si-PIN-PD.  Outer  diameters  of  the  innermost  ring  and 
outermost  ring  arc  10  mm.  25  mm,  respectively,  and  their 
widths  are  all  1  m.n.  The  outer  diameter  and  thickness  of 
the  package  where  this  element  is  enclosed  are  50  mm 
and  5  mm.  respectively.  The  photo  receiving  surface  is 
protected  by  the  metallic  coated  glass  in  order  to  shadow 
disturbance  light. 

2.2  Principal  characteristics 

As  the  PIN-PD  has  a  high  quantum  efficiency  and 
small  dark  current  and  is  operated  at  low  voltage,  it  can  be 
easily  dealt  with.  Table  1  shows  principal  characteristics 
of  the  ring-shaped  PD  prepared  for  the  experiment. 

Briefly  explaining  the  meaning  of  each  item,  the 
quantum  efficiency  in  item  I  defines  the  photoelectric- 
conversion  efficiency,  where  17  =  (No.  of  carriers  which 
affects  the  production  of  photoelectric  current)  /  (No. 
of  incident  photos)  =  (I/e)  /  (P/hc).  (I:  Anode  current, 
e:  elementary  charge  quantity.  P:  Light  power,  h:  Planck's 
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constant,  v :  Light  frequency).  Photo  receiving  sensitivity 
in  item  2  is  the  ratio  of  electric  signal  to  photo  signal  S  = 
I/P  =  (r)e)/(tu'l.  Cut-off  frequency  in  item  3  is  the  fre¬ 
quency  obtained  when  the  output  level  drops  by  3  dB  by 
connecting  a  50f2  load  resistance  to  receive  a  sine  wave 
signal.  Dark  current  in  item  4  is  the  electric  current  that 
flows  when  no  incident  light  is  applied  to  the  PD.  The 
capacitance  between  the  terminals  in  item  5  is  the  capaci¬ 
tance  between  the  anode  and  the  cathode  and  is  the  pa¬ 
rameter  that  determines  the  cut-off  frequency.  Crosstalk 
in  item  6  indicates  the  degree  of  separation  between  rings 
and  is  defined  by  an  isolation  ratio. 

To  measure  these  characteristics,  we  mounted  the 
ring-shaped  PD  to  the  bearing  rotary  mechanism  and  to 
the  case  provided  with  4  receptacles  for  connecting  the 
optical  fiber  cables  to  prepare  the  4-channel  optical  rotary 
connector. 

3.  Rotation  Variance  Characteristic 

3.1  Surface  sensitivity  distribution  characteristic 

Fig.  3  shows  a  schematic  diagram  of  the  quadruple 
ring-shaped  photo  receiving  surface,  it  proves  that  the 
section  where  the  bonding  wire  connected  to  the  anode 
of  each  ring  passes  over  the  ring  photo  receiving  surface 
is  present  at  one  place  in  ring  #2,  at  two  places  in  ring 
#3,  and  at  three  places  in  ring  #4.  Therefore,  it  can  be 
predicted  that  when  the  end  of  optical  fiber  passes  above 
the  bonding  wire,  a  very  small  variance  occurs. 

In  the  measurement  system  shown  in  Fig.  3.  we 
measured  the  variance  which  occurs  due  primarily  to 
bonding  wire  when  rotating  the  4-channel  optical  rotary 
connector  by  one  turn. 

The  result  of  the  measurement  is  shown  in  Fig.  4. 
from  which  we  could  ensure  that  no  level  variation  due  to 
rotation  is  observed  in  the  place  other  than  the  place  where 
the  bonding  wire  passes  above  the  photo  receiving  surface 
and  that  the  level  variation  due  to  rotation  occurring  even 
in  the  place  through  which  the  bonding  wire  passes  is  as 
small  as  only  0.5  dB  which  is  practically  a  negligibly  small 
value. 

3.2  Connection  efficiency  between  optical  fiber  and 

ring-shaped  PD 

The  area  Af  of  a  spot  on  the  detected  surface  distant 
by  S  from  the  outgoing  end  of  optical  fiber  having  a  radius 
of  r  and  numerical  aperture  NA  is  represented  with  the 
equation  ( I )  below  assuming  that  the  optical  fiber  has 
perfect  roundness. 

Af  =  ir  ■((  NA  +  r)J  (I) 

If  the  spot  area  is  greater  than  the  detected  area,  the  con¬ 
nection  loss  takes  place.  Let  the  detected  area  be  Aa,  the 
connection  loss  <*c  is  represented  with  equation  (2)  below. 

=c  =  10  •  log(Aa/Af)  (dB  1  Aa  <  Af  (2) 


Fig.  5  shows  the  result  of  the  numerically  calculated 
relationship  between  the  connection  loss  and  the  connec¬ 
tion  efficiency  relative  to  the  distance  between  the  out¬ 
going  end  of  fiber  and  the  photo  receiving  surface  by  taking 
the  numerical  aperture  NA  as  a  parameter.  The  calculation 
result  proves  that  when  the  NA  is  set  at  0.2,  0.25,  and  0.3 
the  maximum  distance  which  eliminates  the  connection 
loss  are  2.36,  1.88,  and  1.56  mm,  respectively.  In  other 
words,  it  indicates  that  if  the  place  where  there  is  no  bond¬ 
ing  wire  is  within  these  distances,  the  connection  efficiency 
can  be  considered  nearly  1 00%. 

On  the  other  hand,  if  expanding  the  spot  diameter 
to  the  ring  width  in  the  place  where  bonding  wire  passes 
across  and  above  the  photo  receiving  surface,  the  influence 
of  bonding  wire  can  be  minimized.  For  example,  if  a  bond¬ 
ing  wire  with  an  external  diameter  of  25  pm  is  located  at 
the  center  of  the  spot  under  this  condition,  its  connection 
loss  is  calculated  as  shown  in  Fig.  6.  That  is,  this  diagram 
proves  that  under  the  ideal  condition,  the  connection  loss 
can  be  reduced  down  to  0.15  dB.  Therefore,  the  above 
consideration  is  desired  for  practical  design. 


4.  Frequency  Characteristic 
4.1  An  equivalent  circuit  of  the  PD 

An  equivalent  circuit  of  the  PD  can  be  represented 
as  shown  in  Fig.  7,  where  the  PD  absorbs  light  in  the  deple¬ 
tion  layer  so  as  to  play  a  role  of  the  current  generating 
source  and  has  the  internal  resistance  Ri  and  junction 
capacitance  Cj.  Internal  resistance  Ri  determines  dark 
current  and  junction  capacitance  Cj  is  proportional  to  PN 
junction  area.  The  output  signal  is  detected  by  connecting 
load  resistance  Rs. 

When  the  light  modulated  by  sine  wave  enters  the  PD. 
the  photoelectric  current  i  (t)  is  generated  in  response  to  the 
light  entered,  and  the  voltage  v(t)  generated  at  both  ends 
of  load  resistance  R?  is  represented  with  equation  (3)  be¬ 
low  assuming  that  photoelectric  current  i(t)  is  a  sine  wave 
having  an  amplitude  of  i. 

v(t)  =  i  e/wl  Rf  /  vrT+  (u  CjW  (3) 

In  equation  (3).  letting  the  frequency  that  reduces  the 
voltage  to  1  /  V  2  ,  that  is,  the  power  to  half  (3dB  down) 
be  the  cut-off  frequency  fc,  it  can  be  represented  with 
equation  (4)  below. 

fc  =  I  /  (2  it  Cj  R  5)  (4) 

On  the  other  hand,  Cj  is  in  inverse  proportion  to  the  width 
of  the  depletion  layer  and  the  width  of  the  depletion  layer 
increases  in  proportion  to  1 12  power  of  the  inverse  voltage 
(bias  voltage  Vr),  that  is,  the  following  relation  is  satisfied. 

Cj*l/vTvT  (5) 


International  Wire  &  Cable  Symposium  Proceedings  1987  373 


4.2  Frequency  band  width  measurement  using  the  bias 
voltage  as  parameter 


The  measurement  system  having  the  same  constitution 
as  that  used  for  the  surface  sensitivity  distribution  (Fig.  3) 
was  used  to  measure  the  frequency  at  which  the  normalized 
modulation  output  level  drops  by  3  dB  and  we  made  the 
measured  frequency  represent  the  frequency  band  width. 
The  measurement  was  executed  for  the  two  ring  PDs  having 
the  same  structure  and  we  obtained  the  same  measurement 
result  The  measurement  result  of  the  band  width  for  the 
bias  voltage  of  ring  PD  No.  1  is  shown  in  Fig.  8  as  a  charac¬ 
teristic  example.  Here,  ring  PD  #1  indicates  the  innermost 
ring,  and  ring  PD  =4  the  outermost  ring. 

This  result  indicates  that  the  band  width  increases 
nearly  linearly  until  the  bias  voltage  reaches  the  neighbor¬ 
hood  of  20  V  and  in  the  range  of  voltage  exceeding  20  V 
the  band  width  ascends  moderately  with  a  saturation 
tendency.  Characteristically  speaking,  the  innermost  ring 
*1  having  the  least  photo  receiving  area  indicates  the  best 
band  as  80  MHz  at  a  bias  voltage  of  50  V  and  even  the  outer¬ 
most  ring  =4  having  the  largest  photo  receiving  area  holds 
a  band  of  50  MHz. 

Fig.  9  shows  the  relationship  between  the  photo 
receiving  area  of  each  ring  and  its  capacitance  between 
terminals  when  holding  the  bias  voltage  at  30  V,  where 
the  broken  lines  are  drawn  taking  ring  r=4  as  reference 
with  the  assumption  that  both  the  photo  receiving  area  and 
the  junction  capacity  are  linear.  As  is  obvious  from  Fig.  9 
as  a  ring  is  situated  at  an  inner  side  the  difference  between 
the  solid  line  and  the  broken  line  tends  to  increase  in  steps 
of  about  10  pF.  The  reason  for  such  tendency  resulting  in 
the  diagram  in  Fig.  9  would  be  that  when  considering  the 
distance  between  each  ring  and  the  output  terminal  for 
the  bonding  wire  connected  to  the  ring  the  number  of  con¬ 
tact  points  existing  between  adjacent  rings  via  insulator  in 
between  is  3  for  ring  #1.  2  for  ring  #2.  and  1  for  ring  *3, 
respectively,  and  that  every  contact  point  causes  a  capacity 
of  10  pF  to  be  added.  Pertaining  to  this,  an  attempt  to 
reduce  the  capacitance  to  be  added  is  under  examination. 


5.  Crosstalk  Characteristic 

5.1  An  equivalent  circuits  for  crosstalk 

In  this  paragraph,  we  will  explain  the  crosstalk  charac¬ 
teristic  which  is  an  important  transmission  characteristic 
of  the  multi-channel  optical  rotary  connector.  To  simplify 
the  problem,  here,  we  used  an  equivalent  circuit  for  two 
rings  to  try  to  analyze  the  crosstalk. 

The  equivalent  circuit,  taken  in  this  analysis  here,  is 
the  one  for  the  cathode  common  double-ring  PD.  We  now 
assume  that  there  is  incident  light  toward  each  of  two  rings, 
respectively,  whereby  two  eurrent  sources  i,  (t)  and  i:  (t) 
exist  Then,  the  equivalent  circuit  can  be  represented  as 
shown  in  Fig.  10(a).  where  Cjl  and  Cj2  are  terminal 
capacities  between  the  anodes  and  cathodes  of  the  rings, 
and  RV  1  and  Rv  2  the  load  resistances,  respectively.  We 
consider  that  although  in  such  ideal  equivalent  circuit  no 
crosstalk  can  occur,  a  slight  amount  of  capacity  component 


must  be  actually  present  between  rings  (A1-A2  between 
anodes).  Therefore,  when  there  is  present  only  one  incident 
light  toward  either  one  ring,  its  equivalent  circuit  becomes 
as  shown  in  Fig.  10(b).  where  symbol  Cc  represents  the 
capacity  component  existing  between  the  rings  or  between 
anodes  (Al-  A2).  How  much  percent  of  the  signal  that 
occurred  in  ring  *1  leaks  to  the  output  of  ring  *2  is  repre¬ 
sented  with  an  isolation  ratio,  and  the  frequency  at  which 
the  isolation  ratio  exceeds  40  dB  is  subjected  to  evaluation. 

When  #1  ring  PD  receives  the  photoelectric  signal 
modulated  by  sine  wave  in  this  equivalent  circuit,  the  signal 
voltage  V;  (t)  applied  to  both  ends  of  the  load  resistance 
for  #2  ring  PD  is  represented  with  equation  (6)  below,  and 
isolation  ratio  I  with  equation  (7).  respectively. 


J  a>CcRt* 


vi<0  1  +jcjRt'(Cj’+Cc)  vl(,) 


(6) 

(Re  1  =  Rt  2  =  Re  is  assumed.) 

I  =  10  log  -r(  I  +(‘j/Cc)!  +  (1  /cjCcRe)1}  [dB]  (7) 


Fig.  1 1  shows  numerically  calculated  result  of  crosstalk 
characteristic  using  the  ratio  Cc  Cj  of  the  inter-ring  ca¬ 
pacity  C  c  to  the  inter-terminal  capacity  C'j  as  parameter. 
This  result  is  the  calculation  done  assuming  that  the  inter¬ 
terminal  capacitance  be  50  pF,  where  the  frequencies  at 
which  the  isolation  ratio  becomes  40dB  are  6.4.  12.  18.5. 
26.  34  and  70MHz  for  Cc/Cj  =  1  TO.  1/20.  1/30.  1/40. 
1/50,  and  1/100.  respectively.  Namely,  this  result  indicates 
the  tendency  that  as  the  inter-terminal  capacitance  Cj  de¬ 
creases  and  the  ratio  Cc/Cj  decreases,  the  crosstalk  charac¬ 
teristic  gets  better. 


5.2  A  measurement  result  of  crosstalk  characteristic 

between  rings 

The  same  measurement  system  as  that  (Fig.  3)  for 
surface  sensitivity  distribution  was  used  to  measure  the 
frequency  at  which  the  level  difference  between  rings 
reaches  40  dB.  As  a  characteristic  example.  Fig.  12  shows 
the  measurement  result  of  crosstalk  characteristic  between 
rings  *1  and  =2  of  ring  PD  No.  I  obtained  when  holding 
the  bias  voltage  at  30  V.  This  result  indicates  that  the 
frequencies  at  which  the  level  difference  between  rings 
reaches  40  dB  are  9.8  MHz  between  -1-  *2  and  II  MHz 
between  *2-  =1.  and  that  at  frequency  of  4.2  MHz  which 
is  the  band  width  for  the  NTSC  color  system  a  level  differ¬ 
ence  can  be  obtained  60  dB.  Table  2  shows  the  measurement 
result  of  crosstalk  characteristic  between  all  the  rings  of 
No.  1  and  No.  2  ring  PDs  obtained  when  holding  the  bias 
voltage  at  30  V.  Table  2  proves  that  the  crosstalk  charac¬ 
teristic  in  the  direction  from  an  inner  ring  to  an  outer  ring 
is  worse  than  that  in  the  reverse  direction.  We  think  that 
this  is  due  to  the  difference  in  capacitance  between  termi¬ 
nals  of  each  ring  which  is  further  due  to  the  difference 
between  photo  receiving  areas  of  rings,  whereby  crosstalk 
more  easily  leaks  from  an  inner  ring  having  a  small  capaci¬ 
tance  to  an  outer  ring  having  a  large  capacitance  while 
crosstalk  leak  in  the  opposite  direction  becomes  hard. 
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6.  The  Experiment  of  Transmitting  the  Base  Band 
Analog  Color  Video  Signal 

We  installed  a  video  amplifier  at  the  stage  following 
each  ring  PD  of  rings  #1  through  #4  and  measured  the  SN 
ratio  obtained  when  receiving  a  base  band  analog  color 
video  signal.  As  a  result,  we  confirmed  that  a  SN  ratio  of 
47  dB  was  obtained  for  all  the  ring  PDs  when  a  level  differ¬ 
ence  of  7  dB  was  prepared  in  terms  of  light  output  between 
the  transmission  and  reception  lines,  and  even  when  a  level 
difference  of  10dB  was  prepared  between  the  transmission 
and  reception  lines  a  SN  ratio  of  greater  than  40 dB  was 
obtained. 

It  is  generally  said  that  the  SN  ratio  at  which  one  can 
be  released  from  a  bothersome  picture  noise  is  around 
40  dB.  and  we  made  sure  that  since  the  measuring  value 
we  have  obtained  this  time  exceeds  40 dB.  the  picture 
quality  can  be  obtained  which  has  actually  no  problem. 

7.  The  Experiment  of  Transmitting  the  Digital/ Analog 
Signal 

We  executed  an  experiment  of  receiving  both  a  rec¬ 
tangular  wave  signal  and  a  sine  wave  signal  concurrently 
by  rings  =3  and  «4. 

The  result  is  as  shown  in  Photos  1  through  3.  where 
Photo  1  shows  the  result  of  receiving  a  2  MHz  sine  wave 
signal  and  a  1.4  MHz  rectangular  wave  signal  at  a  time  with 
the  use  of  22012  load  resistor  and  indicates  that  signal 
reproduction  is  properly  made  without  any  interference 
and  Photo  2  shows  the  result  of  receiving  a  6  MHz  sine 
wave  signal  and  a  3,3  MHz  rectangular  wave  signal  at  a  time 
with  the  use  of  10012  and  it  indicates  that  signal  reproduce 
tion  is  properly  made  without  any  interference. 

In  this  connection.  Photo  3  shows  the  waveform 
obtained  when  receiving  a  100  KHz  rectangular  wave 
signal. 

8.  Conclusion 

As  a  result  of  the  various  characteristic  tests  executed 
on  the  optical  fiber  rotary  joint  using  the  quadruple  ring 
Si-PIN-PD.  good  rotation  variance  characteristic  (below 
1  dB).  frequency  characteristic  (cut-off  frequency:  50  MHz), 
and  inter-ring  cross  talk  characteristic  (isolation  ration  of 
60  dB  at  a  frequency  of  4.2  MHz)  could  be  obtained,  and 
further  as  a  result  of  transmitting  the  base  band  analog 
color  video  signal  a  SN  ratio  of  47  dB  could  be  obtained  and 
a  good  result  was  also  acquired  from  the  transmission  of  a 
digital  signal. 
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Kig.l  Structure  of  the  quadruple 
ring  shaped  Si  PIN  PI) 


Table  1.  Principal  charaet err i st i cs  of 
ring  shaped  PI) 
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Kig.2  Schematic  diagram  of  the  quadrpule 
ring  shaped  photo  receiving  surface 
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Fig. 3  Measurement  system 


Fig. 4  Sensitivity  distribution 

characteristic  of  ring  shaped  i'l) 
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Fig. 5  Connection  loss  and  conection 
efficiency  relative  to  the 
distance  between  the  end  of 
fiber  and  the  photo  receiving 
surface  by  taking  the  numerical 
apertures  NA  as  parameter 
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Fig. 6  Connection  loss  when  a  bonding 

wire  located  at  the  center  of  spot 
(NA  0.25) 


(a) 


Physical  circuit  (b)  Equivalent  circuit 

Fig  7  An  equivalent  circuit,  of  the  PI) 


Fig. 8  Frequency  band  widths  for 
bias  voltage 
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Table  2.  Crosstalk  characteristics 


Over  (No.l) 
under (No . 2 ) 
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Abstract 

Small-size  connectors  for  both  jacketed  fibers 
(SJ)  and  pre-connectori zed  cables  (SP)  have 
been  developed  using  the  same  composite  metal- 
plastic  ferrules(MP) .  The  SJ  single-mode  fiber 
connector  with  MP-ferrule  may  be  mounted  on 
connecting  board  at  intervals  of  6  mm  using  a 
push-on  connecting  mechanism.  The  average  inser¬ 
tion  loss  was  found  to  be  0.14  d8  with  physical 
contact  condition;  the  return  loss  of  the  MP- 
ferrules  polished  by  elastic  polishing  sheet  was 
more  than  35  dB  without  index  matching  oil. 

As  for  the  SP  connector,  by  clamping  the  MP- 
ferrule  flange  portion  directly  with  the  spring 
clip,  the  outer  dimension  is  reduced  to  only  4  mm. 
The  average  insertion  loss  was  0.13  dB  using  index 
matching  oi 1  . 


1.  Introduction 

Optical  fiber  cables  have  been  used  in  various 
applications.  Therefore,  various  k’nds  of  con¬ 
nectors  are  in  demand. 

As  the  application  for  high  density  cables  in 
subscriber  network  increases,  the  miniaturiza¬ 
tion  of  a  connecting  portion  is  needed. 

Types  of  connectors  are  divided  into  jacketed 
fibers  and  coated  fibers.  The  connector  for 
jacketed  fiber  has  Kevlar  fixing  structure,  and 
is  mainly  used  in  case  of  frequent  reconnection 
of  connectors.  Therefore,  the  mechanism  for  easy 
reconnection  is  fit  to  the  structure  of  the  con¬ 
nector  for  jacketed  fiber.  The  push-on  type  con¬ 
nector  which  has  the  mechanism  for  easy  reconnec¬ 
tion  has  already  been  developed  [1][2].  The 
connector  for  coated  fiber  is  used  for  connecting 
cable  to  cable  to  construct  optical  transmission 
line  and  mainly  applies  to  pre-connectorized 
cables.  Pre-connectorized  cables  have  come  into 
use  to  facilitate  field  connecting  operations 
which  are  being  substituted  for  fusion  splicing. 
Therefore,  to  mount  the  high  density  cables, 
miniaturization  of  the  connector  and  simplifica¬ 
tion  of  the  structure  are  needed.  The  small-size 


connector  with  precision  plastic-molded  ferrule 
has  already  been  developed  [3][4], 

This  paper  describes  the  design  and  performance 
of  the  new  single-mode  fiber  connector  with  MP- 
ferrule  in  subscriber  network. 


2.  Connector  Design 

(1)  MP-ferrule 

Optical  fiber  connector  ferrule  is  a  very  important 
part  for  performance  of  optical  fiber  connector. 
Metal-type,  ceramic-type  and  plastic-type  ferrules 
have  been  developed.  Metal-type  and  ceramic-type 
ferrules  have  the  advantage  of  high  performance 
and  high  reliability,  but  a  disadvantage  in  produc¬ 
tion  costs.  Plastic-type  ferrule  has  the  opposite 
inherent  characteristics  to  those  mentioned  above. 
Therefore,  to  achieve  both  advantageous  character¬ 
istics  in  a  ferrule,  composite  metal-plastic  fer¬ 
rule  (MP)  have  been  developed  [6],  and  applied 
to  the  new  single-mode  fiber  connectors. 

The  structure  of  the  MP-ferrule,  illustrated  in 
Figure  1,  consists  of  a  molded  plastic  body 
partially  surrounded  by  a  stainless  steel  sleeve. 
Part  of  the  outer  metal  sleeve  is  embedded  in 
the  flange  of  the  ferrule  to  increase  the  ferrule's 
bending  strength.  To  facilitate  the  polishing 
of  the  endface  of  the  ferrule,  the  molded  plastic 
portion  projects  out  from  the  end  of  the  metal 
sleeve.  The  MP-ferrule's  physical  contact  portion 
with  a  low  Young’s  modulus  is  more  effective  in 
eliminating  the  Fresnel  reflection  loss  compared 
with  metal -type  and  ceramic-type  ferrules  in  terms 
of  Hertz  contact  theory.  Experimental  result 
using  MP-ferrule  is  shown  in  Figure  2. 


(2)  SJ  connector  with  MP-ferrule 

The  connector  for  jacketed  fiber  requires  the 
mechanism  for  easy  reconnection  and  miniaturiza¬ 
tion  of  the  connecting  portion.  To  facilitate 
the  reconnection  of  connectors  which  are  mounted 
on  connecting  board  in  high  density,  a  push-on 
connecting  mechanism  [1][2]  is  applied.  The  push- 
on  connecting  mechanism  has  the  characteristics 
that  pushing  the  plug  into  the  adaptor  is  only 
needed  for  connection,  and  only  pulling  the  plug 
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out  for  disconnection. 

The  SJ  connector  with  the  push-on  connecting 
mechanism  is  shown  in  Figure  3.  To  mount  the 
connecting  boad  in  high  density,  the  side  of 
the  ejector  and  the  side  of  the  adaptor  are  cut 
at  widths  of  5.9  mm  and  6  mm  respectively.  There¬ 
fore,  the  SJ  connector  may  be  mounted  at  intervals 
of  6  mm. 


(3)  SP  connector  with  MP-  ferrule 

The  connector  for  coated  fiber  is  applies  to 
pre-connectorized  cables.  The  miniaturization 
of  the  connector  to  mount  the  high  density  cables 
and  the  simplification  of  the  structure  of  the 
connector  to  facilitate  connecting  operations 
are  in  demand.  Furthermore,  the  connector  for 
coated  fiber  is  needed  to  reduce  the  connector 
weight . 

The  SP  connector  is  shown  in  Figure  4,  and  con¬ 
sists  of  the  plug,  adaptor  and  spring  clip.  As 
a  result  of  simplifying  the  structure  of  the 
connector  and  reducing  the  connector  weight, 
the  plug  consists  of  only  MP-ferrule.  Conse¬ 
quently,  only  fixing  the  MP-ferrule  to  the  coated 
fibers  is  sufficient  for  mounting  to  the  cables. 
The  SJ  connector  is  connected  by  the  spring  clip. 
By  clamping  the  MP-ferrule  flange  portion  directly 
using  the  spring  clip,  the  outer  dimension  is 
reduced  to  only  4  mm. 


3.  MP-Ferrule  Production  and  Connector  Assembly 

(1)  MP-ferrule 

Using  the  metal  sleeve  insert  molding  technique, 
MP-ferrule  can  be  produced  in  the  same  manner  as 
plastic-type  ferrule  [5]  (Figure  5).  Metal  sleeve 
is  inserted  into  the  cavity,  and  then,  epoxy 
resin  is  transfermolded  with  low  pressure  into 
the  cavity.  After  curing  the  epoxy  resin,  the 
mold  pin  is  removed  from  the  MP-ferrule  to  form 
the  optical  fiber  guide  hole. 


(2)  SJ  connector  with  MP-ferrule 

The  SJ  connector  is  assembled  using  the  following 
4  steps: 

1)  The  jacketed  fiber  is  inserted  through  the 
five  parts  which  will  compose  the  plug. 

The  outer  jacket  and  the  buffer  jacket  are 
removed  by  stripper. 

2)  The  stripped  jacketed  fiber  is  inserted 
into  the  MP-ferrule  filled  with  epoxy  resin. 
The  epoxy  resin  is  cured  using  the  heating 
machine . 

3)  After  curing  the  epoxy  resin,  the  MP-fer- 
rule's  endface  is  polished  by  the  polishing 
machine.  The  polishing  procedure  is  shown 


in  Table  1.  Using  elastic  polishing  sheet, 
the  MP-ferrule's  endface  made  of  plastic 
can  be  easily  polished  to  a  spherical  surface. 
Spherical  polishing  method  is  illustrated 
in  Figure  6,  the  spherical  surface  radius 
polished  by  this  method  was  n.  20  mm. 

4)  The  last  part  is  fixed  and  the  finally  as¬ 
sembled  plug  is  inserted  into  the  adaptor. 


(3)  SP  connector  with  MP-ferrule 

The  SP  connector  is  assembled  using  the  following 
4  steps: 

1)  The  buffer  jacket  is  removed  by  stripper. 

2)  The  stripped  coated  fiber  is  inserted  into 
the  MP-ferrule  filled  with  epoxy  resin. 

The  epoxy  resin  is  cured  using  the  heating 
machine. 

3)  After  curing  the  epoxy  resin,  the  MP-fer¬ 
rule's  endface  is  polished  by  the  polishing 
machine.  The  polishing  procedure  is  shown 
in  Table  2. 

4)  The  polished  MP-ferrule  is  inserted  into 
the  adaptor,  and  clamped  by  spring  clip. 


4.  MP-Ferrule  Characteristics  and 
Connector  Performance 

(1)  MP-ferrule 

MP-ferrule  characteristics  are  shown  in  Table  3. 
Using  the  metal  sleeve,  the  outer  circumference 
portion  is  completed  in  high  precision.  This 
metal  sleeve  was  embedded  in  the  flange  of  the 
ferrule  and  the  MP-ferrule's  bending  and  tensile 
strength  were  more  than  8  kg  and  15  kg,  respec¬ 
tively. 


(2)  SJ  connector  with  MP-ferrule 

The  insertion  loss  of  the  SJ  connector  with  MP- 
ferrules  applied  to  single-mode  fibers  is  shown 
in  Figure  7.  Tne  average  insertion  loss  was 
0.14  dB  with  physical  contact;  the  return  loss 
of  the  MP-ferrules  polished  by  elastic  polishing 
sheet  was  found  to  be  more  than  35  dB.  Figure 
8  shows  the  result  of  reconnection  endurance 
test.  Variation  in  the  insertion  loss  during 
500  insertion  and  removal  was  within  ±0.1  dB 
with  the  connection  endface  being  cleaned  after 
every  25  insertions.  Vibration  test  was  made 
at  the  frequency  of  20  Hz  and  the  amplitude  of 
0.75  mm  for  2  hours.  Variation  in  the  insertion 
loss  was  less  than  0.05  dB. 

Furthermore,  the  temperature  cycling  test  was 
performed  at  a  temperature  from  -30  °C  to  60  °C 
for  30  cycles,  as  shown  in  Figure  9.  The  measured 
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variation  in  the  insertion  loss  was  within  tO.l  dB. 


References 


(3)  SP  connector  with  MP-ferrule 

Figure  10  shows  the  insertion  loss  of  the  SP  con¬ 
nector  with  the  MP-ferrule.  The  average  inser¬ 
tion  loss  was  0.13  dB  using  index  matching  oil. 

To  confirm  the  reliability  of  this  connector, 
various  environmental  tests  were  conducted  as 
follows: 

1)  Vibration  test  was  made  at  the  frequency  of 
20  Hz  and  the  amplitude  of  0.75  mm  for  2 
hours.  Variation  in  the  insertion  loss  was 
less  than  0.02  dB. 

2)  Temperature  cycling  test  was  performed  at  a 
temperature  from  -30  °C  to  60  °C  for  30 
cycles,  as  shown  in  Figure  11.  Variation  in 
the  insertion  loss  was  within  +0.1  dB. 

3)  High  humidity  test  was  conducted  under  the 
condition  of  80  °C  and  95  %  RH  for  180  hours. 
Variation  in  the  insertion  loss  was  less 
than  0.04  dB,  as  shown  in  Figure  12. 


5.  Conclusions 

Composite  metal-plastic  ferrules  (MP)  have  been 
developed  with  both  advantageous  characteristics 
of  conventional  metal-type  and  plastic-type  fer¬ 
rules.  New  single-mode  fiber  connectors  (SJ  and 
SP)  have  been  developed  using  the  same  MP-ferrules. 
As  a  result  of  miniaturization  of  the  connectors, 
the  SJ  connectors  and  the  SP  connectors  may  be 
mounted  at  intervals  of  6  mm  and  4  mm  respectively. 
The  average  insertion  loss  of  the  SJ  connectors 
applied  to  single-mode  fibers  was  0.14  dB  with 
physical  contact.  The  average  insertion  loss  of 
the  SP  connectors  applied  to  Single-mode  fibers 
was  0.13  dB  using  index  matching  oil.  Various 
environmental  tests  were  conducted  to  confirm  the 
reliability  of  the  SJ  and  SP  connectors.  The 
results  show  that  the  both  connectors  can  be 
used  in  the  subscriber  network. 
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Figure  2  MP-Ferrule  Contact  Characteristic 


f* 

SlI 

B 

(Plug) 

Figure  3  SJ  Connector  with  MP-Ferrule 


Figure  4  SP  Connector  with  MP-Ferrule 


Upper  Mold 


Figure  5  Metal  Sleeve  Insertion  Molding 
for  MP-Ferrule  Production 
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Table  1  Polishing  Procedure  of  SJ  Connector 


Table  3  MP-Ferrule  Characteristics 
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Figure  6  Physical  Contact  Polishing  of  MP-Ferrule 


Table  2  Polishing  Procedure  of  SP  Connector 


Polishing  Sheet 

Time 

Step  1 
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Step  2 
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30  sec 

Step  3 
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Item 
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Surface  Roughness 
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Insertion  Loss  (dB) 

Figure  7  insertion  Loss  of  SJ  Connector 
for  Single-Mode  Fibers 
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Figure  8  Reconnection  Endurance  Test 
of  SJ  Connector 
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Figure  10  Insertion  Loss  of  SP  Connector 
for  Single-Mode  Fibers 
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Figure  11  Temperature  Cycling  Test  of  SP  Connector 


Figure  12  H<gh  Humidity  Test  of  SP  Connector 
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SUMMARY 

A  new  stuffing-pulling  fusion  technique  for  mass 
fusion  splicing  of  single-mode  fibers  is  presented-  The  fiber 
spliced- region  is  pulled  after  the  fiber  end  faces  are  fused 
and  stuffed  to  each  other-  The  characteristic  feature  of  this 
technique  js  that  the  stuffing  and  pulling  strokes  are 
varied,  based  on  observation  of  the  fiber  end  face  gaps  for 
every  splice-  This  technique  can  reduce  splice  loss  to 
approximately  50  percent  of  that  realized  by  the 
conventional  method,  and  can  eliminate  splice  failure  due  to 
end  face  gap  variance.  A  mass  fusion  splice  machine  based 
on  this  method  is  newly  developed,  and  it  is  confirmed  that 
an  average  splice  loss  of  0-024  dB  and  fusion  splice  time 
of  one  minute  per  ribbon  unit  are  attained  for  mass  fusion 
splicing  of  single-mode  fibers. 

I  INTRODUCTION 

Recently,  the  application  area  of  single-mode  fibers 
has  been  rapidly  expanding.  Further  introduction  of 
single-mode  fibers  for  subscriber  systems  is  expected  in  the 
near  future.  For  this  purpose,  a  mass  splicing  technique 
that  can  splice  a  large  number  of  fibers  with  low-loss  and 
minimal  working-time  is  indispensable-*1*  *** 

In  this  paper,  the  problem  of  mass  fusion  splicing  for 
single  mode  fibers  is  discussed  with  regard  to  splice  loss 
and  splice  failure  probability-  The  methods  presented  are 
two  new  stuffing-pulling  fusion  techniques  (Constant  Stuffing 
and  Pulling:  CSP  and  Variable  Stuffing  and  Pulling:  VSP 
methods),  where  the  fiber  spliced-region  is  pulled  after  end 
faces  are  fused  and  stuffed  to  each  other-  In  addition,  a 
mass  fusion  splice  machine  based  on  the  present  method  is 
newly  developed,  and  its  performance  with  respect  to  splice 
loss  and  splice  time  is  investigated-  Finally,  efficiency  and 
utility  of  the  present  methods  are  confirmed  theoretically 
and  experimentally. 

2.  PROBLEM  WITH  MASS  FUSION  SPLICE 

2.1  END  FACE  GAP  VARIANCE 

Ribbon  fiber  end  faces  are  prepared  by  bending 
pulling  stress,  after  the  ribbon  fibers  are  scratched 
per  pend  icularly  to  the  fiber  axis  and  straight  by  a 
cemented  carbide  blade.***  Fiber  end  face  variance  is  caused 
by  bending- pulling  stress.  Because  the  fiber  jacket  coat  is 
designed  so  that  fiber  is  virtually  mobile  in  the  jacket 
coat-  This  feature  is  vital  for  removing  the  jacket  coat  at 
fiber  end  face  preparation- 

Thus,  a  ribbon  fiber  holder***  is  used  to  reduce  end 
face  variance  for  the  end  face  preparation-  However,  this  is 
difficult  to  achieve.  A  schematic  view  of  the  prepared 
ribbon  fibers  at  the  splice  point  is  shown  in  Fig-1-  Fiber 
end  face  gaps  are  varied  as  D,  ~Dm-  Figure  2  sho*s  the 


distribution  of  fiber  end  face  gaps  D„  when  ribbon  fiber 
end  faces  are  butted  with  each  other  on  V-grooves  of  a 
splice  machine  using  the  ribbon  fiber  holder-  The  fiber 
ribbon  unit  to  be  spliced  consists  of  ten  fibers.  The 
horizontal  axis  D*  denotes  the  values  obtained  by 
subtracting  the  minimum  end  face  gap  DMliy  in  each  ribbon 
unit  from  actual  values  Dn  of  end  face  gaps  for  individual 
fibers,  and  expressed  as 

D«  —  D„  -  Dmin  (l^n^lO).  (I) 

It  can  be  determine  from  this  figure  that  average  and 
maximum  end  face  gap  values  are  II  p  m  and  50  p  m, 
respectively-  With  such  a  large  variance,  the  stuffing 
stroke*7*  of  fiber  end  face  should  be  increased  to  minimize 
splice  failure  ratio.  The  solid  curve  in  the  figure  shows 
the  end  face  gap  distribution  calculated  by  the 
least  squares  method  The  probability  density  function  Piy  is 
represented  as 

Fr»  T  C,  (  D»  +  1  )  exp  |  —  (  D.  +  1 )  /C9 }  -  (2) 

where  coefficients  Cx  and  C2  are  evaluated  as  0025  (  p  m  l) 
and  6.4  (  p  m).  respectively. 

2.2  SPLICE  LOSS  AND  SPLICE  FAILURE  RATIO 

The  influence  of  the  end  face  gap  variance  on  splice 
loss  is  investigated  in  this  section-  Fiber  end  faces  to  be 
spliced  are  separated  a  specific  distance  D0  prior  to  fusion- 
Then,  the  end  faces  are  fused  and  stuffed  into  each  other 
by  continuous  heating.  In  our  experiment,  this  pre-fusion 
technique***  is  also  used.  Thus,  fiber  end  faces  are  over 
stuffed  when  the  end  face  gap  is  narrow,  while,  fiber  end 
faces  can  not  be  fused  because  of  wide  end  face  gaps.  In 
the  latter  case,  splicing  is  unsuccessful.  Fiber  end  face  gap 
variance  also  causes  stuffing  stroke  variance.  The 
relationship  between  splice  loss  a  s  and  stuffing  stroke  S 
is  shown  in  Fig. 3.  and  expressed  as 

or  s  —  C3S  +-  (dB).  (3) 

where  coefficients  C3  and  C4  are  evaluated  to  be  123 
(dB/  p  m)  and  0-016  (dB).  respectively  Vertical  segments 
represent  scattering  of  data  for  10  splices.  Structural 
parameters  of  fibers  used  in  the  experiment  are  listed  in 
Table  1-  Discharge  duration  time  is  5  sec-  Here,  if  we  let 
the  stuffing  stroke  of  the  splice  machine  be  SQ;  actual 
stuffing  stroke  of  fiber  end  face  is  (So*D0),  stuffing  stroke 
S n  of  fiber  n  in  a  ribbon  unit  is  given  by 

S„  S0  -  D».  (4) 

Therefore,  c  9  can  be  expressed  from  EqS-(3)  and  (4)  as 
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Fig-1  Schematic  view  of  fiber  end  face  gap  deviation  for 
mass  fusion  splice- 


D,  (Aim) 

Fig-2  Distribution  of  fiber  end  face  gap 


tf  a  C3  ( So  D. )  f  C4  (dB>.  (5) 

Here,  the  splice  is  successful  for  Slt  ,>  0  ,  and  fails  for 
S„  <  0.  Furthermore,  distribution  of  or  s  is  derived  using 
FqS-(2)  and  (5)  The  distribution  function  Qs  of  a  s  is 
obtained  as 

Qs  Pu/  (  d  or  s /  dD»  )  (6) 

CiiCc  s)exp  {  (Cc  a  «*)  /  C3Ca  |  • 

Co  =  c3  +  C4  +  C3So- 


Figure  4  shows  the  dependence  of  average  splice  loss 
<  a  s>  and  the  splice  failure  ratio  Rf  on  the  stuffing 
stroke  S  of  fiber  end  face.  It  is  found  that  splice  failure 
probability  decreases  dramatically  by  increasing  the  stuffing 
stroke.  However,  this  results  in  increased  splice  loss.  This 
is  the  most  significant  problem  in  mass  fusion  splicing. 


Fig.3  Relationship  between  splice  loss  and  stuffing  stroke 
of  fiber  end  face. 


S0  (urn) 

Fig. 4  Dependence  of  average  splice  loss  and  splice  failure 

ratio  on  stuffing  stroke  of  fiber  end  face. 


Splice  failure  ratio  Rf  can  be  also  derived  on  the  condition 
that  the  splice  is  unsuccessful  unless  all  fibers  in  the 
ribbon  unit  are  fused  together 


So 

R  r  —  1  -  [  /  Pd  dD.  J 
0 


(7) 


3.  LOSS  REDUCTION  IN  MASS  FUSION  SPLICING 


In  this  section,  a  new  stuffing  pulling  fusion 
technique,  in  which  the  fiber  spliced  region  is  pulled  after 
the  fiber  end  faces  are  fused  and  stuffed  into  each  other, 
is  presented  .or  reducing  splice  loss  • 


Average  splice  loss  <  a  s>  is  given  by  Eq.(6)  as 


(X  so  &  so 

<a9>  /  a  »Qa  d  cr  s  /  S  Q«  d  a  s,  (8) 

C4  C4 

(X  80  —  CjSo  f  c4. 


3.1  TREATMENT  OF  SPLICE  POINT  AND  SPLICE  LOSS 

It  has  been  confirmed  in  our  various  experiments  that 
excess  loss  due  to  the  core  metamorphosis  caused  by  over 
stuffing  the  fiber  end  face  was  alleviated  by  pulling  the 
spliced-region  after  the  fiber  end  faces  were  fused  and 
stuffed  into  each  other-  The  stuffing-pulling  technique  is 
based  on  this  effect,  and  its  splice  process  is  schematically 
shown  in  Fig. 5- 
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Fiber  End  Face  Gap 


3-2  OPTIMUM  PULLING  STROKE 

As  previously  mentioned,  stuffing  stroke  varies 
depending  on  end  face  gap  variance-  Therefore,  the  optimum 
pulling  stroke  L0  which  minimizes  average  splice  loss  is 
considered  to  exist-  The  optimum  pulling  stroke  is  derived 
from  the  distribution  of  Splice  loss.  Splice  loss  distribution 
QL  introduced  the  pulling  process  is  given  by  Eqs(2).  (3), 
(4),  and  (9)- 


(das/dD«) 

=  Ci(DL  F  1)  exp  {  <Dl  F  1)/C2  }  /F, 


00) 


where 

(E-  a  s  )  /F. 
E  =  BAL*  +  B„L  +  Bc. 

F  -  CBLa  +  C7L  +  C3, 


BA  -  C6S0  +  C., 
Bb  —  C7SQ  ~F  C®, 
Be  C3S0  4*  C4. 


Fig-5  Fusion  splicing  process  for  the  present  method. 

The  measured  relationship  between  splice  loss  a  s 
and  pulling  stroke  L  as  a  function  of  stuffing  stroke  So  is 
shown  in  Fig.6.  Measured  points  in  the  figure  indicate  mean 
values  for  ten  splices-  Fibers  used  in  the  experiment  are 
the  same  as  shown  Table  1.  The  curves  in  the  figure 
represent  the  best -fit  curves  obtained  by  the  least  squares 
method  Splice  loss  decreases  gradually  in  the  0<*L<,So 
range,  which  corresponds  to  the  dissolution  of  core 
metamorphosis.  For  further  pulling  (L  >  S0K  splice  loss 
increases  gradually  again  due  to  the  formation  of  steep 
taper<B>  at  the  splice  point.  As  a  result,  the  optimum  value 
of  the  pulling  stroke  appears  to  be  near  L-S0-  Furthermore, 
the  minimum  value  of  the  splice  loss  at  L  Sc  increases  as 
the  stuffing  stroke  increases.  It  is  clear  from  these 
measurements  that  a  st  uff  ing- pulling  fusion  technique 
effectively  reduces  splice  loss.  Splice  loss  a  s  after  the 
pulling  process  is  approximated  as  follows: 

a  s  GA(S)La  +  GD(S)L  +  GC(S)  (dB).  (9) 

Ga(S)  CbS  F  C*.  Gb(S>  C7S  +  CB.  GC(S)  CBS  4  C4. 

where  coefficients  CB,  C«,  C7,  and  Cs  are  evaluated  as 
4  X  10  B  (dB/  ft  m3).  4-6  X  10  0  (dB/  n  m2),  1.3  X  10  0  (dB/  /r  ra2). 

and  6.5X10'°  (dB/  //  ml,  respectively.  In  Kq.(9),  when  L  0, 
a  s  corresponds  to  Eq.(3). 


Fig-6  Dependence  of  splice  loss  on  pulling  stroke  of  fiber 
end  face- 


Average  splice  loss  <  a  s>  introduced  in  the  pulling  process 
is  given  by 

E  E 

<  a  s>  J  a  sQl  d  «  s  /  J  d  a  s-  (11) 

H  II 

H  C*L*  \  C*L  F  C*. 

Optimum  pulling  stroke  L0  with  respect  to  a  certain 

stuffing  stroke  S0  of  the  splice  machine  exists,  and  can  be 
obtained  by  a  s->  /  dL0  -  0-  As  this  results  in  a  very 
complex  equation,  we  choose  to  omit  it,  and  show  the 
calculated  result  in  Fig.7.  This  figure  shows  the  dependence 
of  the  optimum  pulling  stroke  on  the  stuffing  stroke.  Figure 
8  shows  relationship  between  the  average  splice  loss  <  a  s> 
and  the  stuffing  stroke  So-  The  dashed  and  solid  curves  in 
the  figure  indicate  L=0  and  L^L0  cases,  respectively.  It  is 
found  that  splice  loss  increase  can  be  mit;gated  by 

choosing  the  optimum  pulling  stroke.  For  instance,  average 
splice  loss  is  reduced  from  006  dB  to  0  05  dB  when  So50 
H  m  We  call  the  technique  CSP  method  (Constant  Stuffing 
and  Pulling  end  face  method),  since  the  pulling  stroke  is 
chosen,  and  fixed  based  on  the  stuffing  stroke. 


S0  (Mm) 

Fi|f.7  Relationship  between  the  optimum  pulling  stroke  and 
stuffing  stroke  of  fiber  end  face- 

3.3  VSP  SPLICE  METHOD 

If  the  stuffing  stroke  is  chosen  so  that  a  pair  of 
fibers  with  the  maximum  end  face  gap  are  fused  with  each 
other  for  ribbon  unit  splicing,  it  is  possible  to  eliminate 
splice  failure  due  to  end  face  gap  variance.  That  is.  when 
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Fig-8  Comparison  between  conventional  and  CSP  methods 
as  a  function  of  stuffing  stroke. 

the  maximum  and  minimum  end  face  gaps  in  a  ribbon  unit 
are  Umax  and  DMIN,  the  splice  machine  stuffing  stroke  is 
determined  as 

So  ~  Umax  ~  (12) 

For  this  purpose,  ail  end  face  gaps  in  ribbon  units  should 
be  measured  before  fusion  splicing-  It  is  possible  to  use 
image  processing  with  microscopic  observation00*-  A 
schematic  view  of  the  end  face  gaps  observation  system  is 
shown  in  Fig-9-  In  this  figure,  the  fiber  end  faces  fixed  in 
V-grooves  are  magnified  by  an  objective  lens,  and  focused 
on  a  CCD -image  sensor.  Then,  the  end  face  gaps  are 
measured  using  image  processing. 


in  this  method,  the  stuffing  stroke  of  number  n  fiber 
in  the  ribbon  uni*  can  be  represented  by  using  measured 
end  face  gaps  D,  ~  DN  as 

S„  -  DMAx  -  D„.  1 1  SnsN)  (13) 

where  N  denotes  the  Ktal  number  of  fibers  in  a  ribbon 
unit-  Splice  loss  for  this  fiber  a  s„  is  derived  from  EqS-(9) 
and  (13) 


TABLE  1-  Structural  Parameters  of  Single-Mode  Fibers 


Fiber 

Core 

Cutoff 

Spot 

Core  Eccen- 

Diameter 

Diameter 

Wavelength 

Size 

tricity 

(  n  in) 

(  )i  m) 

(  fi  m) 

(  M  “>) 

(  v  m) 

125  ±  1 

10  ±  0.5 

1.2  i  0.1 

5  ±  0.2 

0~  0-2 

a  s„  =  Ga(SJL2  +  GB(S„)L  +  Cc(S„)  <dB).  (14) 

Then,  the  average  splice  loss  <  <x  »>  is  expressed  as 

<as>^laSn/  N.  (Kn^N)  (15) 

Consequently,  the  optimum  pulling  stroke  L0  to  minimize 
average  splice  loss  is  obtained  as  the  next  equation: 

L0=  -  2G0{ SJ/  I  Ga(S„), 

( l^n  <,  N  )  (16) 

This  method  has  the  special  feature  that  the  stuffing  and 
pulling  strokes  are  controlled  by  a  microprocesser  to 
minimize  average  splice  loss.  This  is  based  on  the 
observation  of  fiber  end  face  gaps  for  each  splice.  We  call 
the  technique  VSP-method  (Variable  Stuffing  and  Pulling 
end  face  method)- 

3-4  CALCULATED  SPLICE  LOSS 

The  calculated  cumulative  probabilities  of  splice  loss 
for  the  CSP  and  VSP  methods,  along  with  the  results  for 
the  conventional  method0*  are  shown  in  Fig-10-  Probabilities 
were  estimated  by  a  numerical  calculation  using  the  end 
face  gap  data  in  Fig-1-  Average  splice  losses  of  0  06  dB, 
0-05  dB,  and  0-03  dB  are  obtained  for  the  conventional, 
CSP-,  and  VSP  methods,  respectively-  Furthermore,  it  is 
found  that  splice  failure  probabilities  of  5%,  5%,  and  0% 
are  obtained  for  these  methods,  respectively-  A  comparison 
of  these  results  with  respect  to  average  splice  loss,  splice 
failure  ratio,  stuffing  stroke,  and  pulling  stroke  is  shown  in 
Tabic  2-  It  is  confirmed  from  these  results  that  the  VSP 
splice  method  reduces  splice  loss  to  approximately  50 
percent  of  that  realized  by  the  conventional  method,  thus, 
it  is  suitable  for  mass  fusion  splicing  of  single  mode 
fibers. 


a,  (dB) 

Fig- 10  Cumulative  probability  of  splice  loss  for  VSP,  CSP, 
and  conventional  methods. 
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TABU-  2- 


Comparison  of  the  conventional.  CSP  .  and 
VSP  splice  methods. 


Method 

-  it  * 

K, 

So 

L„ 

Conventional 

0.06  dB 

s 

50  /<  m 

0 

CSF 

005  dB 

5  Xi 

50  ft  m 

46  ft  m 

VSP 

003  dB 

o  % 

variable 

variable 

4.  PERFORMANCE  OF  MANUFACTURE!)  MASS  FUSION 
SPL1CK  MACHINE 

A  photograph  of  a  manufactured  mass  fusion  splice 
machine,  constructed  to  perform  the  VSP  splice  process  is 
shown  Pig. 11.  The  front  panel  of  the  machine  is  simplified 
The  machine  has  only  two  switches  to  be  manipulated  for 

fiber  setting  resetting  and  discharge  start-  It  also  has  a 

micro- monitor  for  displaying  splice  loss,  machine  status,  and 
warning  messages. 

Figure  12  shows  a  splice  loss  histogram  obtained  by 
the  machine.  Ribbon  fiber  used  in  the  experiment  is  the 
same  as  shown  i’i  Table  I.  It  is  found  from  the  figure  that 
an  average  splice  loss  of  0-024  dB  for  80  splices  is 
successfully  attained-  This  result  approximates  the  calculated 
result  of  the  VSP  method  in  Sec.3.4.  ;jnd  suggests  that  the 
VSP  method  is  quite  useful-  A  fusion  splice  time  of  one 
minute  per  ribbon  unit  on  average  is  achieved.  This  time 
includes  inspections  of  end  face  irregularities  and  fiber  axis 
misalignment. 

The  cumulative  probability  of  estimation  error  with 
respect  to  splice  loss  for  the  machine  is  shown  in  Fig.  13. 

High  level  splice  losses  arc  intentionally  generated  to  obtain 

the  various  splice  losses  in  the  experiment.  Misalignment  in 
the  direction  perpendicular  to  the  CCD  sensor  plane  is 
measured  using  the  focus  depth  Although,  splice  loss  is 
roughly  estimated  by  using  misalignment,  the  average 
estimation  error  of  0039  dB  is  obtained,  and  is  considered 
to  be  sufficiently  realistic. 


Fig.ll  Manufactured  mass  fusion  splice  machine. 


SPLICE  LOSS  «s  (dB) 

Fig. 12  Splice  loss  histogram  obtained  by  the  manufactured 
splice  machine- 


ESTIMATION  ERROR  (dB) 

Fig. 13  Cumulative  probability  of  estimation  error- 
5.  CONCLUSION 

A  mass  fusion  splicing  technique  for  single  mode 
fibers  has  been  investigated  in  detail  with  respect  to  splice 
loss  and  splice  failure  probability.  A  new  stuffing  pulling 
fusion  technique,  where  the  fiber  spliced  region  is  pulled 
after  the  fiber  end  faces  are  fused  and  stuffed  to  each 
other,  is  proposed.  The  technique  involves  a  new  version  in 
which  the  stuffing  and  pulling  strokes  are  varied  based  on 
the  observation  >f  fiber  end  face  gaps  for  every  splice. 
Computer  simulation  reveals  that  this  technique  reduces 
splice  loss  by  50  percent  in  dB  unit  in  comparison  with 
the  conventional  method.  Furthermore,  it  is  possible  to 
eliminate  splice  failure  due  to  end  face  gap  variance.  A 
new  mass  fusio,.  splice  machine  manufactured  based  on  the 
present  method  has  also  been  developed  and  evaluated-  As  a 
result,  it  was  confirmed  that  an  average  splice  loss  of  0024 
dB  and  fusion  splice  time  of  one  minute  per  ribbon  unit 
were  successfully  attained  for  mass  fusion  splicing  of 
single  mode  fibers 
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ABSTRACT 

Over  the  past  few  years  single-mode  fiber  has 
proven  in  for  long-haul  and  subscriber  loop 
telecommunication  applications.  The  majority  of 
single-mode  fibers  are  manufactured  by  either  the 
Outside  Vapor  Deposition  (OVD)  or  the  Inside  Vapor 
Deposition  (IVD)  process.  Arc-fusion  splicing  is 
widely  accepted  for  permanent,  stable,  reliable, 
and  low-loss  interconnection  of  optical  fibers 
from  within  the  same  manufacturing  process'*2. 

This  study  examines  fusion  splicing  single-mode 
fibers  from  multiple  vendors  and  processes  to 
ensure  maximum  flexibility  for  operating 
companies,  installers,  and  system  designers  in 
responding  to  industry  and  technology  trends  as 
well  as  in  extending  existing  routes. 

Four  commercially  available  matched  clad  (MC)  and 
depressed  clad  (DC)  single-mode  fibers 
manufactured  by  OVD  and  IVD  processes  were  spliced 
using  both  laboratory  and  field  fusion  splicers 
and  cleavers.  Evaluation  included  fibers  with 
nominal  and  extreme  mode  field  diameters. 
Homogeneous  and  heterogeneous  splice  losses  and 
tensile  strengths  are  reported.  Additionally, 
effects  of  a  particular  heat  shrink  sleeve  on  the 
splice  loss  under  temperature  cycling  were 
studied . 

This  study  demonstrates  that  under  typical  field 
splice  conditions  single-mode  fibers  from  OVD  and 
IVD  manufacturing  processes  and  of  different 
profile  designs  can  be  consistently  spliced  with  < 
0.2  dB  average  splice  loss  and  >  30  kpsi  (0.35 
C.N/m2)  average  tensile  strength.  This  performance 
meets  the  requirements  of  most  telecommunication 
nstallations. 


INTRODUCTION 

Single-mode  fibers  were  arc-fusion  spliced  using 
two  different  splicers  and  cleavers.  Fibers  A,  B, 
and  C  were  manufactured  using  the  IVD  process  and 
fiber  D  using  the  OVD  process.  Splicer  ttl  and 
cleaver  X  represented  commercially  available 
laboratory  equipment;  splicer  #2  and  cleaver  Y 
were  typical  field  equipment.  As  expected,  the 
laboratory  equipment  provided  the  best  splice 


performance  for  any  fiber  combination.  Therefore, 
these  data  were  used  as  the  baseline  for 
optimizing  the  field  fusion  splicer  settings. 

The  experiment  consisted  of  three  phases  with 
mode-field  diameter  and  end  angle  being  the  key 
controlled  parameters: 

Phase  I  investigated  the  feasibility  of  arc-fusion 
splicing  IVD  and  OVD  fibers  with  approximately 
nominal  mode-field  diameters  using  a  field 
arc-fusion  splicer  (#2)  and  cleaver  (Y)  with  end 
angles  held  less  than  or  equal  to  one  degree. 
Splices  were  acceptable  if  the  average  loss  was  < 
0.1  dB  and  average  tensile  strength  >  50  kpsi 
(0.35  GN/m2). 

In  Phase  II,  fibers  with  more  extreme  mode-field 
diameters  were  arc-fusion  spliced.  Phase  II 
splices  were  acceptable  if  the  average  splice  loss 
was  <  0.2  dB  and  tensile  strength  >  50  kpsi.  The 
increased  splice  loss  was  allowed  due  to  the  larger 
mode  field  diameter  mismatch  and  larger  allowed 
fiber  end  angles  of  one  to  two  degrees  with  10% 
of  the  end  angles  being  less  than  one  degree. 

In  Phase  III,  a  few  Phase  II  heterogeneous  splice 
combinations  were  remade,  a  heat  shrink  sleeve 
applied  on  the  splice  section  to  simulate  actual 
field  conditions,  and  then  mounted  in  two 
different  commercially  available  splice  trays  of 
50  mm  and  75  mm  bend  diameter.  End  angles  were 
between  one  and  two  degrees.  Splice  losses  were 
monitored  as  a  function  of  temperature  to 
determine  any  long  term  attenuation  increases. 


SPLICING  PROCEDURE 

In  all  cases, the  fiber  coating  was  removed 
mechanically  using  an  optical  fiber  stripping  tool 
designed  to  minimize  mechanical  damage  to  the 
glass  surface.  Fiber  ends  were  cleaved  a  short 
distance  from  the  point  of  coating  termination 
minimizing  the  amount  of  glass  exposed  to  airborne 
contaminants.  Additionally,  this  reduced  the 
probability  of  contact  between  the  exposed  glass 
and  the  clamping  surfaces  of  the  splicer  and, 
therefore,  maintains  the  splice  tensile  strength1. 

The  effect  of  fiber  end  angle  on  the  splice  loss 
was  studied  by  varying  the  end  angle  requirements 
for  each  phase  as  stated  above.  The  end  angles 
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vere  measured  using  the  end  angle  reflection 
techniqueJ  which  has  ±  A0  accuracy  and  is  less 
prone  to  variation  in  operator  interpretation. 

This  study  further  verified  earlier  results  that 
fiber  end  angle  and  face  condition  have  a 
significant  effect  on  the  splice  loss  and 
geometry  .  For  large  end  angles,  distortion  of  the 
core  during  arc  fusion,  due  to  the  flow  of  core 
glass  in  a  direction  away  from  the  point  of 
contact,  can  contribute  0.2  dB  or  more  to  the 
splice  loss.  This  effect  can  be  substantially 
reduced  by  limiting  fiber  end  angles  to  one  degree 
or  less. 

Residual  coating  particles  and  other  contaminants 
on  fiber  ends  were  removed  by  careful  cleaning 
just  prior  to  arc-fusion  splicing.  Maintenance  of 
a  clean  surface  is  necessary  to  obtain  low 
extrinsic  splice  loss  and  high  tensile  strength. 

In  Phase  I,  fiber  ends  were  immersed  in  an 
ultrasonic  bath  of  clean  isopropyl  alcohol.  In 
Phases  II  and  III  the  bath  was  replaced  with  an 
alcohol  wipe. 

Fiber  cores  were  aligned  in  the  three  axes  to 
minimize  attenuation  measured  on  an  OTDR 
incorporating  a  high  resolution  real-time  display. 
The  automatic  control  of  the  longitudinal  (z)  axis 
of  one  or  both  chucks  drives  the  fiber  ends 
together  during  the  fusion  cycle.  Optimum  arc 
voltage,  current,  and  duration  settings  on  the 
field  fusion  splicer  were  determined,  whereby 
various  OVD  and  IVD  single-mode  fibers  could  be 
spliced  with  consistently  low  splice  loss  and  high 
tensile  strength.  Once  the  optimum  splicer 
settings  were  obtained,  those  "universal  settings" 
were  used  throughout  the  remainder  of  the 
experiment . 

The  splice  loss  was  measured  using  an  OTDR.  Due  to 
the  directionality  of  the  backseat tering  of  two 
spliced  fibers,  splicg  ^oss  was  determined  as  a 
bidirectional  average  ’  .  Using  the  bidirectional 
average  eliminates  the  OTDR  measurement  artifact 
of  apparent  gain  in  one  direction  and  loss  in  the 
opposite  direction. 

To  determine  the  splice  tensile  strength,  the 
uncoated  spliced  fiber  sections  were  progressively 
loaded  up  to  failure  on  a  Rotating  Capstan  Fiber 
Tester  (RCFT) ,  and  the  fracture  stress  was 
recorded . 


THEORETICAL  BACKGROUND 


The  splice  loss  is  determined  by  two  factors;  loss 
due  to  intrinsic  fiber  properties,  and  loss  due 
to  extrinsic  factors.  The  major  intrinsic 
contributor  to  a  single-mode  fiber  splice  loss  is 
the  mode-field-diameter  mismatch  between  the 
spliced  fibers^’  .  For  step-index  single-mode 
fibers,  mode-field  diameter,  rather  than  core 
diameter,  is  the  functional  parameter  since  the 
mode  power  distribution  is  not  exclusively 
confined  to  the  core  region  of  the  fiber.  A  major 


extrinsic  factor  contributing  to  the  fusion  splice 
loss  in  the  field  can  be  the  fiber  end  angle. 
Lateral  offset  and  glass  geometry  are  other 
factors  affecting  the  splice  loss  although  current 
splicing  techniques,  which  use  active  core 
alignment,  can  somewhat  reduce  their  impact  on 
splice  loss. 

MODE-FIELD  DIAMETER  MISMATCH 

The  splice  loss  in  dB  due  to  the  mode-field 
diamete^  mismatch  of  two  fibers  as  given  by 
Marcuse  is  in  equation  (1): 


MFD  MFD  MFD- 

HISMATCH  =  20  log  'h - ±  + - : 

LOSS  MFD  MFD 


dB  (1) 


where  MFD^  and  MFD^  are  mode-field  diameters  of 
the  spliced  fibers,  respectively. 


FIBER  END  ANGLE 


The  major  extrinsic  factor  is  the  end  angle  of  the 
cleaved  fiber.  The  correlation  between  the 
extrinsic  splice  loss  and  the  end  angle  is 
presented  in  Figure  1.  Experience  has  shown  that 
end  angles  of  one  degree  or  less  must  be 
maintained  to  obtain  a  low  loss  splice. 


J 

'j  * 


INCul-'C-EL  hIIuLE,  t'EOREE: 

Figure  1:  Extrinsic  splice  loss  versus  end  angle 


LATERAL  OFFSET 

For  fusion  splicing,  lateral  offset  between  the 
fiber  cores  is  generally  considered  a  contributor 
to^tge  extrinsic  splice  loss.  Based  on  Gambling  et 
alD'  ,  the  lateral  offset  loss  can  be  approximated 
using  equation  (4): 

Loss  =  4.34(5/Vayg)J  (2) 

where : 

6  :  is  the  radial  distance  between  the  core 

centers  of  the  two  fibers 
V  :  is  the  average  mode-field  radius  of  the 
av®  two  fibers 

Current  splicing  techniques  with  active  fiber 
alignment  have  reduced  the  impact  of  lateral 
offset  on  the  splieg  loss.  The  referenced 
theoretical  studies  discuss  the  effects  of 
lateral  offset  in  more  detail.  Experimental  data, 
however,  indicate  that  the  contribution  of  a  !  in 
lateral  offset  on  the  splice  loss  is  negligible 
i.e.  <  0.01  dB*. 
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MULTI  VENDOR  SPLICE  LOSS  PHASE  I 


BASELINE 

A  set  of  each  manufacturers'  fibers  were 
homogeneously  spliced  using  the  laboratory  splice 
equipment  (splicer  #1,  cleaver  X)  to  determine  the 
extrinsic  losses  i.e.  losses  attributable  to  the 
splicing  procedure  only.  This  became  the  baseline 
for  further  experimental  work.  Table  1  summarizes 
the  measured  mode-field  diameter,  and  intrinsic 
tensile  strength  for  fibers  used  in  determining 
the  baseline  and  in  Phase  I.  The  tensile  strength 
of  each  vendors'  coated  fiber  was  determined  from 
ten  (one  meter  gage  length)  tests  utilizing  the 
RCFT  apparatus.  The  obtained  intrinsic  strengths 
were  essentially  equivalent. 

TABLE  1 


BASIC  FIBER 

PARAMETERS 

BASE 

LINE  AND 

PHASE  I 

FIBER  ID 

MFD  [tim| 

MEAN 

STRENGTH 

Ifcpsi) 

A 

9.22 

672 

B 

10.07 

650 

C 

9.33 

603 

D 

10.17 

668 

The  splice  losses  at  1300  nm  were  measured  with 
both  a  source/detector  test  set  and  an  OTDR  using 
bidirectional  averaging.  The  data  shown  in  Table  2 
are  typical  for  homogeneous  single-mode  fiber 
splices.  Since  the  difference  between  the  OTDR  and 
the  source/detector  rest  set  was  <  0.02  dB.  an 
OTDR  was  used  in  all  subsequent  measurements. 

TABLE  2 

HOMOGENEOUS  SPLICE  LOSS  @  1300  nm  [dB  1 


FIBER  ID 

SOURCE  & 
DETECTOR 

OTDR 

A( OTDR  SAD) 

A 

0.05 

0.07 

0.02 

B 

0.05 

0.06 

0.01 

C 

0.06 

0.07 

0.01 

D 

0.04 

0.04 

0.00 

The  tensile  strength  data  for  the  homogeneous 
splices  are  shown  in  Table  3.  The  splice  strength 
results  are  typical  under  well  controlled 
laboratory  conditions  and  exceed  the  field 
performance  criteria.  For  reference,  Table  3  also 
contains  the  above  intrinsic  (unspliced)  tensile 
strengths  observed  for  each  manufacturer's  fiber. 


After  determining  the  homogeneous  splice  losses 
and  splice  strengths  for  each  vendors'  fibers,  the 
baseline  performance  of  the  heterogeneous 
splicing,  i.e.  splicing  fibers  from  different 
manufacturers,  was  determined  utilizing  the 
laboratory  fusion  splicer  (#1)  and  cleaver  (X). 

The  fibers  were  heterogeneously  spliced  using  the 
same  universal  splicer  settings  as  in  the  base 
line  case.  The  splice  loss  and  strength  results 
are  in  Table  A: 

TABLE  4 

HETEROGENEOUS  SPLICING  -  LABORATORY  EQUIPMENT 

FIBER  MEAN  1300  nm  MEAN  TENSILE 

COMBINATION  LOSS  |dB)  STRENGTH  |kpsi  | 


A-B 

0.04 

90 

A-C 

0.03 

70 

A-D 

0.07 

115 

B-C 

0.07 

70 

B-D 

0.08 

110 

C-D 

0.08 

70 

The  obtained  splice  losses  and  tensile  strengths 
easily  met  the  acceptance  criteria  established  for 
Phase  I.  However,  as  the  above  results  were 
obtained  using  the  laboratory  equipment  and 
splicing  procedure,  the  next  logical  step  was  to 
try  and  obtain  the  same  excellent  results  using 
the  field  equipment.  The  actual  technology 
transfer  included  optimizing  the  field  fusion 
splicer  settings.  The  field  splicer  settings  were 
optimized  through  several  phases.  First,  another 
baseline  ("laboratory  cleaver")  was  established  by 
homogeneously  splicing  fiber  D  using  the  field 
splicer  and  laboratory  cleaver  (Table  5;  trial 
#1).  The  obtained  splice  loss  compares  favorable 
with  those  reported  in  Tables  1  and  2,  however  one 
would  expect  these  results  due  to  the  very  small 
end  angles  of  less  than  0.5  degrees  achieved  with 
the  laboratory  cleaver. 

Secondly,  the  laboratory  cleaver  was  replaced  with 
the  field  cleaver  in  trial  #2.  The  data  in  Table  5 
(trial  #2)  as  expected  reflect  the  use  of  a  field 
cleaver  with  somewhat  larger  end-angles.  The 
splice  losses  increased  slightly  and  the  strength 
decreased  slightly  indicating  that  optimization  of 
the  arc  voltage,  current,  and  duration  of  the 
field  splicer  wa?  necessary.  The  post  optimization 
data  are  shown  in  Table  5  as  trial  #3.  Evidently 
the  "optimized"  field  splicer  settings  compensated 
for  the  higher  allowed  end-angles  of  <1.0  degree. 


TABLE  3 


MEAN  TENSILE  STRENGTH 

I kps i 1 

FIBER  ID 

UNSPLICED 

SPLICED 

A 

672 

130 

B 

650 

110 

C 

603 

60' 

D 

668 

150 

1  No  apparent  reason  existed  for  the  lower 
tensile  strength  for  this  particular  fiber 


TABLE  5 

TECHNOLOGY  TRANSFER  (FROM  FACTORY  TO  FIELD  SPLICER) 
HOMOGENEOUS  SPLICE;  PIBER  D 

MEAN  TENSILE 
ICE  STRENGTH 

TRIAL  I  ,dBl  [ kps  1 1  NOTE 


1 

0.04 

100 

'Laboratory  cleaver' 

2 

0.08 

92 

'field  cleaver' 

3 

0.06 

102 

'  opt  imi  zed' 
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The  subsequent  objective  of  the  study  v as  to 
duplicate  the  encouraging  results  obtained 
splicing  fiber  D  for  heterogeneous  splices  using 
the  optimized  field  splicer  and  cleaver.  Table  6 
summarizes  the  obtained,  excellent  heterogeneous 
splice  performance.  For  five  out  of  six  fiber 
combinations  the  splice  loss  using  the  optimized 
field  splicer  was  equal  or  less  than  the  losses 
obtained  using  the  laboratory  equipment  (refer  to 
Table  4).  Slight  differences  noted  in  the  obtained 
tensile  strengths  using  the  laboratory  versus  the 
optimized  field  splicer  (Table  4  versus  Table  6) 
were  in  the  order  of  eight  percent.  All  splices 
easily  met  the  established  acceptance  criteria  of 
<  0.1  dB  splice  loss  and  >  50  kpsi  tensile 
s  t  rength . 

TABLE  6 


HETEROGENEOUS  SPLICING  - 
"OPTIMIZED"  FIELD  EQUIPMENT 


PIBER 

COMBINATION 


MEAN  SPLICE  MEAN  TENSILE 

LOSS  | dB |  STRENGTH  (kpsi) 


A-B 

0. 

A-C 

n. 

A-D 

0. 

B-C 

0. 

B-D 

0. 

C-D 

0. 

05 

80 

03 

75 

06 

85 

04 

65 

04 

105 

03 

75 

The  theoretical  splice  losses  due  to  the 
mode-field  diameter  mismatch  were  calculated  in 
Phase  I  for  each  fiber  combination,  then 
algebraically  summed  with  the  anticipated 
extrinsic  loss  of  0.04  dB.  The  comparison  between 
the  experimental  and  the  expected  theoretical 
splice  losses  is  presented  in  Figure  1.  The 
measured  splice  losses  were  very  encouraging;  note 
from  Figure  3  that  the  measured  (observed)  losses 
were  slightly  lower  than  the  calculated 
(theoretical  +  extrinsic)  losses  in  all  cases. 


AB 


Figure  3:  Theoretical  versus  experimental  splice 
loss  for  Phase  I  multi  vendor  splicing 


Theoretically,  the  mode-field  diameter  mismatches 
between  these  fibers  were  expected  to  cause 
somewhat  (0.02-0.03  dB)  higher  heterogeneous 
splice  losses  than  experienced  (Figures  2a,  2b  and 


.  :2 


Figure 


2a:  Mode-field  diameters  of  the 
experiment  fibers 
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Figure  2b:  Theoretical  splice  loss  due 
to  mode-field  diameter 
mismatch 


PHASE  I  CONCLUSIONS 

Phase  I  results  concluded  that  multiple 
manufacturers'  Germania  doped  Silica  single  mode 
fibers  designed  for  1300  nm  operation  and 
manufactured  by  either  1VD  or  OVD  processes  can  be 
arc  fusion  spliced  using  the  optimized  field 
splicer  and  cleavei .  Combination  of  piopet  end 
preparation,  cleanliness,  end  angles  of  one  degree 
or  less,  and  a  single  optimized  splicer  settings 
yielded  fusion  splices  that  met  the  established 
criteria  of  <  0.1  dB  splice  loss  and  >  50  kpsi 
tensile  sttength. 


PHASE-II 

Phase  I  showed  that  multiple  manufacturers' 
single-mode  fioers  could  be  arc  fusion  spliced 
using  the  optimized  field  equipment.  The 
heterogeneous  splices  of  the  evaluated  fibers 
having  approt imately  nominal  mode-field  diameters 
met  the  estatlished  performance  criteria.  However, 
to  fully  examine  the  feasibility  of  multi-vendor 
splicing,  further  investigations  with  fibers  from 
the  extremes  of  each  manufacturers'  process  were 
pursued.  In  Phase  II,  the  approximate  extremes  of 
manufacturers'  A,  B,  C,  and  D  single-mode  fibers 
with  respect  to  the  mode-field  diameter  were  arc 
fusion  spliced.  The  mode-field  diameters  and 
intrinsic  tensile  strengths  measured  using  a 
two-meter  gauge  length  for  the  fibers  used  in  both 
Phase-II  and  subsequent  Phase-III  are  shown  in 
Table  7. 
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TABLE  7 

FIBER  PROPERTIES  POR  PHASES  II  AND  III 
MEAN  STRENGTH 


FIBER  ID  MFD  lu«|  [kpsl] 

A-L  8.67  692 

A-H  9.01  685 

B-L  8.79  671 

B-H  9.34  350' 

C-L  9.60  654 

C-H  10.08  663 

D-L  9.76  677 

D  H  10.26  671 


Vhere  "L"  and  "H"  refer  to  low  and  high 
mode-field  diameter,  respectively 

1  No  apparent  reason  existed  for  the  lover 
tensile  strength  for  this  particular  fiber. 

Each  manufacturer's  high  and  low  mode-field 
diameter  fibers  were  spliced  with  the  other  three 
manufacturer's  high  and  lov  mode-field  diameter 
fibers.  Phase-II  consisted  of  a  total  of  24  splice 
combinations  each  repeated  five  (5)  times.  The 
total  number  of  splices  was  120.  The  splice 
losses  vere  measured  at  1300  nm  with  an  OTDR  using 
bidi rect ional  averaging. 

The  average  splice  losses  at  1300  nm  and  tensile 
strengths  for  each  vendor  combination  are 
presented  in  Tables  8  and  9,  respectively. 

TABLE  8 

HETEROGENEOUS  SPLICE  j  MFD  EXTREMES 
AVERAGE  SPLICE  LOSS  (dB|  AT  1300  nm 


FIBER 


ID 

B-L 

B-H 

C-L 

C-H 

p-i. 

D-H 

A  L 

.058 

.180 

.175 

.115 

.105 

.125 

AH 

.030 

.2  78 

.110 

.143 

.090 

.058 

B  L 

NA 

NA 

.  101 

.120 

.  125 

.088 

B  H 

NA 

NA 

.163 

.165 

.115 

.170 

CL 

NA 

NA 

.128 

.088 

C-H 

NA 

NA 

.135 

.  100 

The  above 

data  ind 

icates 

that 

the  mode 

field 

d i ame ter 

mismatch 

is  not 

alvay 

s  the  major 

contribut 

or  to  the 

splice 

loss 

TABLE  9 


HETEROGENEOUS  SPLICE;  MFD  EXTREMES 
AVERAGE  SPLICE  STRENGTH  |kpsi| 


FIBER 


ID 

B-L 

B-H 

C-L 

C-H 

D-L 

D-H 

A-L 

64 

76 

75 

69 

69 

63 

A-H 

72 

52 

61 

51 

77 

76 

11 

NA 

NA 

68 

61 

70 

82 

B-H 

NA 

NA 

69 

60 

68 

77 

C-L 

NA 

NA 

69 

74 

C-H 

NA 

NA 

60 

60 

Table  10  summarizes  the  average  values  and  pooled 
standard  deviation  for  splice  loss  at  1300  nm  and 
tensile  strength.  Table  10  values  include  all 
splice  combinations  with  high  and  lov  mode-field 
diameter  fibers  for  each  vendor  combination. 

TABLE  10 

HETEROGENEOUS  SPLICE;  MFD  EXTREMES 

LOSS  TENSILE 

FIBER  g  1300  nm  |dB]  STRENGTH  |kpsi] 


COMBINATION 

AVG. 

STD.  DEV. 

AVG. 

STD.  DEV. 

A-B 

.14 

.08 

66 

11.8 

A-C 

.14 

.05 

64 

13.7 

A-D 

.10 

.03 

71 

15.0 

B-C 

.  14 

.07 

65 

10.5 

B-D 

.13 

.06 

74 

14.8 

C-D 

.11 

.04 

66 

8.7 

PHASE  II  CONCLUSIONS 

Using  the  optimized  fusion  splicer  and  cleaver, 
different  manufacturers'  single-mode  fibers  vith 
more  extreme  mode-field  diameter  mismatches  vere 
consistently  spliced  yielding  average  splice 
losses  <0.2  dB  at  1300  nm  and  average  tensile 
strengths  >  50  kpsi.  Only  one  combination  failed 
to  meet  the  <  0.2  dB  average  splice  loss  ctiteria; 
the  actual  average  splice  loss  being  0.278  dB.  The 
splice  loss  is  surprisingly  high  considering  that 
the  mode-field  diameter  mismatch  for  this 
particular  fiber  combination  vas  only  0.33  um.  The 
major  contributors  to  the  higher  splice  losses 
compared  to  Phase  1  vere  larger  alloved  end 
angles,  larger  mode-field  diameter  mismatch,  and 
replacing  of  the  ultrasonic  bath  end  cleaning  vith 
isopropyl  alcohol  soak  and  vipe. 


PHASE-II I 

Phases  I  and  II  demonstrated  that  single-mode 
fibers  from  different  manufacturers  and  processes 
can  be  fusion  spliced  meeting  the  performance 
criteria  of  most  telecommunication  installations. 
Hovever ,  the  possible  environmental  effects  on  the 
splice  performance  vere  yet  to  be  determined. 

Phase  III  vas  implemented  by  remaking  tvo  splices 
of  the  combinations  listed  belov;  installing  heat 
shiink  sleeves  on  the  splice  sections;  inserting 
them  on  a  spl.ce  tray;  and  placing  the  vhole 
assembly  inside  a  temperature  chamber.  Repetitive 
temperature  cycling  betveen  room  temperature  (RT), 
♦70°C,  and  -40°C  vas  used  to  determine  if  any 
temperature  induced  attenuation  increases  of  the 
splices  occurred.  The  bidirectional  splice  losses 
at  1300  nm  vere  measured  vith  an  OTDR  and  recoided 
at  selected  times  during  the  temperature  cycling. 

In  Phase-III,  all  end  angles  vere  maintained 
betveen  one  and  tvo  degrees  to  simulate  less 
optimistic  field  conditions. 

Spliced  fiber  sections  vere  placed  in  either  a  50 
mm  or  a  75  mm  diameter  splice  tray  maximizing  the 
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PHASE  III  CONCLUSIONS 


bend  diameter.  Each  fiber  was  preconnectorized  for 
ease  of  measurement.  The  connector  ends  were 
periodically  cleaned  with  alcohol.  Ten  Phase  III 
fiber  combinations  were  d'stributed  in  the  two 
splice  trays  as  follows: 


*  Batch  one 


*  Batch  two 


50  mm  Diameter 

D-H  to  D-L 
D-H  to  B-H 
D-L  to  A-L 

D-H  to  A-H 
D-H  to  C-H 
B-H  to  A-L 


75  mm  Diameter 

A-H  to  C  H 
C-L  to  B-L 


D  L  to  B  L 
D-L  to  C-L 


Tin*  Ini  lowing  irmpriature  eyrie  was  used: 


Based  on  the  reported  data,  the  effects  of  the 
evaluated  splice  protection  sleeve  on  the 
heterogeneous  splice  loss  after  ten  temperature 
cycles  from  room  temperature  to  -40°C  and  to  -*70°C 
are  negligible.  All  attenuation  increases  at  1JOO 
nm  were  <  0.02  dB. 

CONCLUSIONS 

The  limits  previously  imposed  on  single-mode  fiber 
users  to  differentiate  fiber  manufacturers  within 
cables  and  point-to-point  systems  were 
demonstrated  to  have  no  technical  merit.  This 
study  successfully  demonstrated  that  multiple 
vendors'  1300  nm  optimized,  Germania  doped  Silica, 
single-mode  fibers  manufactured  by  IVD  or  OVD 
processes  can  be  arc  fusion  spliced  using  a  single 
universal  splicer  setting  achieved  by  optimizing 
the  field  splicing  equipment.  OVD  and  IVD 
single-mode  fibers  with  mode-field  diameters 
approaching  the  limits  of  their  specified  range 
were  spliced  meeting  the  established  requirements 
of  <  0.2  dB  average  splice  loss  and  >  50  kpsi  (.35 
GN/m:)  average  tensile  strength.  It  should  be 
noted  that  the  necessary  fusion  splicer 
adjustments  are  minor. 

Proper  fiber  end  preparation  procedures  combined 
with  optimized  field  arc-fusion  splicer  settings 
can  yield  splices  that  approach  the  intrinsic  loss 
1 imi t . 


Table  11  prerents  the  average  change  in  splice 
loss  at  1300  nm  for  each  fiber  combination  after 
ten  temperature  cycles.  The  splice  losses  before 
adding  the  heat  shrink  sleeves  were  used  as 
reference.  Splice  losses  at  room  temperature  and 
♦70°C  for  each  combination  were  measured  only  for 
cycles  #  1,  2,  and  10.  As  the  splice  losses  for 
cycles  1  and  2  were  constant,  the  splice  losses 
were  measured  for  each  cycle  only  at  -40°C  since 
bending  effects  are  most  likely  at  cold 
temperatures.  As  expected,  there  were  no 
significant  deviations  in  the  data.  The 
fluctuations  in  the  1300  nm  splice  loss  data  were 
less  than  0.02  dB,  falling  well  within  the 
repeatability  of  the  measurement. 

TABLE  11 


Data  indicated  that  the  two  previously  reported 
parameters  affecting  arc-fusion  splice  loss, 
mode-field  diameter  and  lateral  offset  of  the 
cores,  contribute  less  to  the  splice  loss  than  the 
included  end  angle.  End  angles  must  be  maintained 
less  than  one  degree.  Good  cleaving  tool 
performance  is  a  critical  contributor  to  the 
success  of  the  optimized  field  arc-fusion  splicer 
for  low  losses  when  splicing  single-mode  fibeis 
from  different  manufacturers  and  processes. 

The  tested  heat  shrink  sleeve  had  negligible 
effect  on  the  actual  splice  losses  of  the 
evaluated  fiber  combinations  under  described 
temperature  cycling.  The  changes  in  the  splice 
losses  were  in  the  order  of  the  measurement 
accuracy . 


INITIAL  SPLICE  LOSS  AND  AVERAGE  CHANGE  IN 
SPLICE  LOSS  f dB]  AT  1300  DUE  TO 
TEMPERATURE  CYCLING 


FIBER 

COMBINATION 

INITIAL 

LOSS 

AVG.  CHANGE 

IN  LOSS 

3 

1300 

@  RT 

£_ 

-40°C 

+70°C 

A-L 

to 

B-H 

.15 

.007 

.011 

.018 

A-L 

to 

D-L 

.19 

-.007 

.004 

- 

.001 

A-H 

to 

C-H 

.12 

-.004 

.001 

.005 

A-H 

to 

D-H 

.07 

.014 

.014 

.006 

B  L 

to 

C-L 

.06 

-.007 

.009 

- 

.001 

B-L 

to 

D-L 

.02 

.004 

.007 

.000 

B-H 

to 

D-H 

.13 

-.016 

- 

.007 

- 

.017 

C-L 

to 

D-L 

.06 

.002 

.003 

.010 

C-H 

to 

D-H 

.07 

-.006 

.002 

- 

.007 

D-H 

to 

D-L 

.13 

.006 

.014 

.011 
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WHAT  IS  SUPERCONDUCTIVITY?  FUNDAMENTALS  AND  STATE  OF  THE  ART 


P.H.  HOR 

DEPARTMENT  OF  PHYSICS,  UNIVERSITY  OF  HOUSTON 
HOUSTON,  TX.  77004 


Abstract 

A  brief  account  of  the  history  and  properties  of 
superconductivity  is  presented.  The  development 
of  oxide  superconductors  has  been  reviewed  and 
current  status  of  hiqher  temperature  superconduc¬ 
tivity  discussed. 

Introductjoji 

Superconductivity  is  a  ''hvs’cal  phenomenon  in 
wrier  the  electrical  resistivity  of  a  specimen, 
when  cooled  below  a  critical  temperature  T  , 
drops  suddenly  to  zero  and  all  the  magnetic  flux 
is  expelled  from  the  interior  of  the  specimen. 
Superconductivity  was  first  discovered  in  1911  by 
Kamerlinqh  Onnes.1  It  occured  in  mercury  at  a 
temperature  around  4.2  Kelvin.  By  1986,  the 
temperature  at  which  superconductivity  could  be 
achieved  had  been  slowly  increased  to  23  Kelvin 
by  the  discovery  of  new  high  Tc  metallic  oxides, 
(see  f inure  1 ) . 

B asic  Properties  of  a  Superconductor 

It  is  well  known  that  two  most  basic  signatures  of 
superconductivity  are:  1)  zero  resistivity  and 
2)  Meissner  effect.  At  the  beginning,  when 
Kamerlinqh  Onnes  first  observed  superconductivity 
in  mercury,  no  upper  limit  of  resistivity  was 

determined.  Subsequent  experiment  by  Quinn  and 
2 

Ittner  placed  the  uppe*-  limit  of  resistivity  of 

-23 

a  superconducting  thin  film  tube  to  10  ohm-cm. 
It  is  extremely  small  compared  to  the  resistivity 


.9 

of  10  ohm-cm  for  the  purest  copper  at  low 
temperature.  Therefore,  there  is  little  doubt 
that  a  superconducting  state  is  a  genuine  zero- 
resistance  state. 

Only  a  zero-resistance  state  is  not  sufficient  to 
characterize  superconductor.  Experiment  shows 
that  below  a  critical  value  Hc>  an  externally 
applied  magnetic  field  will  be  expelled  from 
the  superconductor,  except  for  a  very  thin 
temperature-dependent  layer  at  the  surface, 
having  a  thickness  (penetration  depth)^LnlO"^cm. 
This  Meissner  effect,  first  observed  by  Meissner 
and  Ochsenfeld3,  separates  a  superconductor  from 
a  perfect  conductor  and  finally  leads  to  the  full 
thermodynamical  treament  of  superconductivity  as 

4 

a  phase  transition  by  Gorter  and  Casimir.  Above 
the  critical  field  H^,  superconducting  behavior 
is  qjenched  and  normal  conductivity  restored. 

A  simple  short  introduction  of  other  fundamental 
characteristics  as  well  as  theoretical  treaments 
of  a  superconductor  can  be  found  in  "Superconduc¬ 
tivity"  by  E.A.  Lynton. 

Oxide  Superconductors 

Based  on  the  8CS  theory,  it  is  clear  that  a  high 
density  of  states  with  strong  electron-phonon 
couplinq  w-'ll  yield  a  high  transition  temperature. 
Oxidation  is  known  to  degrade,  in  general,  the 
matallic  and,  in  particular,  the  superconductinq 
characteristics  of  matter.  However,  supercon¬ 
ductivity  has  been  observed  in  some  highly 
oxidized  perovskite  and  related  compounds  such  as 

5rT,03-x’  NaxW03’  Lil+xTi2-x°4  3"d  BaPbl -xB'x°3’ 
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with  a  T  exceeding  13K  for  the  last  two  oxides, 
c 

Such  a  high  Tc  is  especially  unusual  for 
BaPbj  8i  0^ ,  which  consists  of  no  transition 
metal  elements  and  displays  no  large  electron 
density  of  states,  both  being  essential  for 
conventional  high  Tc  intermetal  1 ic  compounds. 


fig.  1.  Evolution  of  the  superconduct  iro 
transition  temperature 

It  is  thirteen  years  after  the  observation  of 

superconductivity  at  23K  in  Nb,Ge,  the  record 

J  5 

temperature  was  broken  last  year  following  the 
observation  of  superconductivity  in  the  mixed 
La-Ba-Cu-0  (LaBCO)  compound  system  in  the  30K- 
range.  Later  the  observation  was  confirmed6,7 
and  the  superconductivity  phase  was  identified  to 

O 

be  with  the  suigle  layered  K^Nif^  structure. 

A  second  break  through  of  superconducting  transi¬ 
tion  temperature  in  mixed  phased  Y-Ba-Cu-0  has 
finally  push  Tc  to  above  liquid  Nitrogen  tempera¬ 
ture  with  Tc  93K.  The  superconductivity  above 
90K  was  subsequently  attributed  to  the  YBa^Cu^O^ 
phase10  with  CuO^-BaO^-CuO^y-BaO^-CuO.,  layer 
assemblies  sandwiched  between  two  Y-  layers. 

A  New  Class  of  90K-Superconductors 

To  investigate  the  role  of  Y  in  superconducting 
YBa^CujO^  above  90K,  experiments  showed  that  the 
complete  replacement  of  Y  even  with  the  most 
magnetic  Gd  does  not  affect  the  Tc  of  these  com¬ 
pounds.  A  new  class  of  superconductors, 

Aba,Cu,Oc.  with  A=Y ,  La,  Nd,  Sm,  En,  Gd,  Ho,  Er, 
i  3  6+x 


and  Ln,  with  T  above  90K  was  therefore 
1 1  c  12 

discovered.  The  results  show  that  the  "A" 
elements  are  used  only  to  stablize  the  so-called 
three-layer  structure  to  sustain  the  90K  super¬ 
conductivity  between  the  Y-layers  and  that 
superconductivity  must  be  confined  to  the  three 
Cu-0  layer  assembly  sandwiched  between  the  Y- 
layers. 

Higher  Temperature  Superconductivity 

Tc  at  155K13,  225K14,  and  285K15  have  been 
reported.  Indications  of  superconductivity  at 
240K  and  higher  have  been  detected16,17  as  sharp 
drops  in  resistance  without  truly  achieving  the 
zero-resistance  state.  Such  resistance  drops 
were  too  unstable  and  too  difficult  to  reproduce 
in  a  systematic  fashion  for  diagnosis.  However, 
strong  evidence  of  superconductivity,  the 

appearance  of  the  reverse  Josephson  effect,  has 

1 8 

been  reported  by  the  Wayne  State  group  below 
240K. 

If  one  accepts  all  reports  of  superconductivity 
substantially  higher  than  100K.,  the  immediate 
question  is:  what  is  the  location  of  supercon¬ 
ductivity  in  the  samples?  It  cannot  be  associated 
with  a  random  distribution  of  superconducting 
dispersions  because  a  zero  resistance  path  would 
have  required  a  minimum  of  16"  of  the  volume 
fraction  to  be  superconducting  which  is  subs¬ 
tantially  large  than  the  magnetic  anomaly  observ¬ 
ed.  It  must  be  filamentary  and  located  in  the 
grain  boundaries  or  in  the  twin  phase  boundaries 
due  to  the  tetragonal -to-orthohombic  trantition 
at~750°C.  The  superconducting  filaments  may 
then  be  extremely  fragile  physically  due  to 
difference  in  thermal  expansions  between  them  and 
the  surroundings,  or  unstable  chemically  due  to 
their  strong  interaction  with  the  surrounding. 
Thermal  cycling  can  also  perturb  the  oxygen 
content  at  the  grain  boundaries  and  in  turn  cause 
a  change  in  chemistry. 
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Conclusions 

Great  progress  has  been  made  in  raising  the 
transition  temperature  and  the  understanding  of 
the  high  Tc  compounds.  Evidence  of  superconduc¬ 
tivity,  although  strong  but  hindered  by  poor 
stability  and  poor  reproducibility,  has  been 
reported  at  various  high  temperatures.  More  work 
is  required  to  clarify  the  whole  situation. 

References 

1.  H.  Kamerlingh  Onnes,  Akad.  van  Wetenschappen 
(Amsterdam) 14^  113,  818  (1911). 

2.  O.J.  Quinn  III,  and  W.B.  Ittner  III,  J.  Appl . 
Phys.  33,  748  (1962). 

3.  W.  Meissner  and  R.  Ochsenfeld,  Naturwiss,  2_U 
787  (1933). 

4.  C.J.  Gorter  and  H.B.G.  Casimir,  Physica  1_, 

306  (1934). 

5.  J.G.  Bednoz  and  K.A.  Muller,  Z.  Phys.  864, 

189  (1986). 

6.  S.  Uchida,  et  al . ,  Jpn.  J.  Appl.  Phys.  26, 

21  (1987). 

7.  C.W.  Chu,  et  al.,  Phys.  Rev.  Lett.  58,  405 
(1987);  Science  235,  567  (1987). 

8.  H.  Takagi,  et  al.,  Jpn  J.  Appl.  Phys.  Lett. 

36  (1987). 

9.  M.K.  Wu,  J.R.  Ashburn,  C.J.  Torng,  P.H.  Hor, 
R.L.  Meng,  L.  Gao,  Z.J.  Huang,  Y.Q.  Wang  and 
C.W.  Chu,  Phys.  Rev.  Lett.  58,  908  (1987). 

10.  R.M.  Hazen,  et  al.,  Phys.  Rev.  B35,  7238  (1987) 

11.  P.H.  Hor,  R.L.  Meng,  Y.Q.  Wang,  L.  Gao, 

Z.J.  Huang,  J.  Bechtold,  K.  Forster  and 
C.W.  Chu,  Phys.  Rev.  Lett.  58,  1891  (1987). 

12.  C.W.  Chu,  to  appear  in  Proc.  Natl.  Acad.  Sci. 
(USA)  (1987). 

13.  S.R.  Ovshinsky,  R.T.  Yound,  D.D.  Allred, 

G.  DeMaggio,  and  G.A.  Van  der  Leeden,  Phys. 

Rev.  B.  58,  2579  (1987). 

14.  C.Y.  Huang,  L.  Dries,  R.L.  Meng,  P.H.  Hor, 

C.W.  Chu  and  R.  Frankel,  to  appear  in  Nature. 

15.  A  Zettl  and  M.  Cohen,  private  communication 
through  C.W.  Chu. 

16.  L.C.  Bourne,  M.L.  Cohen,  W.N.  Creager, 


M.F.  Crommie,  A.M.  Stacy  and  A.  Zettl,  Phys. 
Lett.  A! 20,  494  (1987). 

17.  C.W.  Chu,  et  al.,  NSF  News  Release,  February 
16,  1987. 

18.  J.T.  Chen,  L.E.  Wenger,  C.J.  McEwan  and 
E.M.  Logothetis,  Phys.  Rev.  Lett.  58,  1972 
(1987). 


Peiherng  Hor  received  his  Ph.D.  in  Physics 
from  the  University  of  Houston  in  1987,  and 
joined  the  Physics  Department  as  a  faculty 
member.  Currently  he  is  working  on  the 
high  temperature  superconducting  oxides. 


International  Wire  &  Cable  Symposium  Proceedings  1987  401 


PROCESSING  OF  SUPERCONDUCTIVE  MATERIALS  AND  HIGH  FREQUENCY 


James  L.  Smith 


Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545 


Abstract 

We  do  not  know  yet  if  superconductivity  will 
become  useful  without  refrigeration.  Now  the 
superconductors  are  so  different  from  copper  that 
it  is  difficult  to  imagine  replacing  copper  with 
such  a  brittle  material.  Superconductors  conduct 
dc  with  no  loss,  ac  with  small  losses,  and  micro¬ 
waves  in  co-axial  lines  with  almost  no  loss  and 
with  no  dispersion  from  dc  to  the  highest  frequen¬ 
cies.  They  will  probably  allow  us  to  close  the 
gap  between  radio  frequency  and  infra  red  optical 
transmission.  Clearly  your  industry  should  know 
some  things  about  where  superconductivity  may  lead 
us  and  must  consider  whether  the  greater  risk  is 
to  develop  them  or  to  let  others  try  it.  There  are 
no  easy  answers  yet. 

Introduction 

There  are  now  materials  that  become  supercon¬ 
ducting  at  a  critical  temperature  T  of  just  under 
100  K  (-I73DC),  which  the  previous  speaker,  P.  H. 
Hor,  helped  to  discover.  This  discovery  just  made 
this  year,  is  now  one  of  the  most  widely  confirmed 
discoveries  ever  made.  At  this  temperature,  cool¬ 
ing  with  liquid  nitrogen  or  refrigerators  is  far 
more  economical  than  for  previously  known  supercon¬ 
ductors.  Nonetheless,  except  for  rather  high  tech 
devices,  these  new  materials  may  not  have  great 
impact  because  cooling  remains  necessary.  We  con¬ 
tinue  to  read  in  the  popular  press  about  T  's  as 
high  as  room  temperature.  It  is  fair  to  say  that 
most  laboratories  have  seen  evidence  of  these  high¬ 
er  temperatures,  which  disappear  in  hours  or  days. 
Either  we  will  find  out  what  rather  unstable, 
trace  chemical  compound  in  our  samples  is  the  room 
temperature  superconductor  or  we  will  convince  our¬ 
selves  that  these  are  only  indications  of  our  dif¬ 
ficult  v  In  making  measurements  on  a  ceramic.  If 
room  temperature  superconductivity  (  actually  it 
is  best  to  work  at  or  below  3/4  of  T  )  is  ach',*ved, 
the  technology  will  so  enter  our  daily  lives  as  to 
genuinely  change  society. 

To  the  wire  and  cable  industry,  the  course  of 
action  is  not  obvious.  The  research  is  moving  at 
a  record  pace,  but  the  refrigeration  still  required 
limits  widespread  applications.  It  seems  clear 
that  the  electronics  industry  will  be  using  these 
superconductors  for  yet  another  revolution.  This 


could  fundamentally  alter  the  way  information  is 
transmitted.  It  seems  appropriate  to  mention  that 
after  the  transistor  was  invented,  its  use  to  re¬ 
place  vacuum  tubes  was  considered  a  great  break¬ 
through.  What  has  since  come  from  the  transistor 
was  not  forseen.  We  must  now  determine,  and  to 
some  extent  bet  our  resources,  on  whether  we  are  in 
this  situation  again. 

Materials 

These  superconducting  compounds  are  made  of  a 
stoichiometric  mix  of  (1)  an  alkaline  earth,  say 
barium,  (2)  a  rare  earth  or  mixture  of  them,  say 
yttrium,  europium,  gadolinium,  and  (3)  copper  that 
is  partially  oxidized.  These  elements  are  not  par¬ 
ticularly  expensive  or  hard  to  find,  and  they  are 
not  toxic  or  hazardous.  This  mix  is  usually  ob¬ 
tained  by  grinding  together  oxides  and  carbonates 
or  by  precipitating  water  soluble  forms.  This  is 
followed  by  one  or  more  sequences  of  grinding, 
compacting,  firing  in  air  or  oxygen  at  about  950°C, 
and  slow  cooling.  This  basic  preparation  can  now 
be  performed  by  an  overwhelming  array  of  specific 
processes.  It  thus  seems  clear  that  different 
applications  will  each  use  the  most  optimal  process 
All  of  this  is  necessary  to  make  what  will  replace 
copper  In  many  applications  and  the  next  speaker 
will  expand  on  this. 

The  resulting  superconductor  will  break  if 
you  drop  it  on  a  hard  surface.  Various  cladding 
procedures  or  use  of  fine  fibers  (  like  optical 
fibers  )  can  improve  on  this.  But  remember  that 
like  the  transistor,  we  may  not  need  a  direct 
replacement  for  plain  old  copper  wire.  For  example 
quite  likely,  coils  could  he  manufactured  as 
monolithic  ceramics  where  firing  is  the  final  step. 

Overall  the  progress  on  producing  these  mate¬ 
rials  has  proceeded  at  an  unprecedented  rate  be¬ 
cause  of  the  large  number  of  workers  around  the 
world.  I  will  give  a  few  examples  of  perceived 
problems  that  are  being  solved.  In  general,  this 
is  why  I  present  no  list  of  problems.  The  high 
temperature  firing  is  a  difficult  production  step, 
and  any  semiconductors  that  are  to  be  married  to 
the  superconductor  would  not  survive.  Recently 
Bell  Communications  Research  has  reported  that 
a  treatment  in  an  oxygen  plasma  at  room  tempera¬ 
ture  can  replace  the  firing.  Although  this  cur¬ 
rently  takes  many  hours,  it  is  an  impressive  step 
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forward.  It  is  difficult  to  make  a  connection  be¬ 
tween  the  superconductor  and  a  conventional  conduc¬ 
tor.  On  the  other  hand  a  transformer  with  a  copper 
primary  and  a  superconducting  secondary  will  work 
fine  if  the  bandwidth  is  adequate.  Also  the  fabri¬ 
cation  of  more  components  from  ceramics  can  elim¬ 
inate  this  problem. 

The  biggest  limitation  on  the  present  materi¬ 
als  that  may  be  fundamental,  that  is  not  fixable, 
is  the  current  carrying  capacity.  If  room  temper¬ 
ature  superconductors  are  found  it  seems  likely 
that  they  will  have  this  same  limitation.  Near 
the  T  ,  currents  rough lv  of  the  capacity  of  copper 
wire  destroy  the  superconductivity.  The  older, 
lower  T  materials  can  easily  carry  a  thousand 
times  the  current  that  copper  can.  While  higher 
currents  are  being  vigorously  sought,  it  is  impor¬ 
tant  to  note  that  for  communications,  the  present 
ratings  are  more  than  adequate. 

H igh  Frequency 

If  you  set  resistance  equal  to  zero  in  your 
transmission  equations,  you  find  that  dispersion 
vanishes.  If  you  make  the  gap  narrow  in  a  co-axial 
line  you  find  that  a  superconducting  delay  line  can 
be  20  times  shorter.  At  high  frequencies,  the  fact 
that  the  present  materials  are  superconducting 
grains  connected  by  poorer  conductors  is  solved  by 
capacitive  coupling.  Superconducting  switching 
circuits  have  always  been  much  faster  than  semi¬ 
conductors  (  and  are  orders  of  magnitude  less  sen¬ 
sitive  to  radiation  damage  ).  Shielding  made  of 
superconductors  works  down  to  dc.  The  word  band¬ 
width  can  be  forgotten. 

Superconductors  really  are  super  for  high  fre¬ 
quencies.  There  must  he  small  scale  applications 
where  the  refrigeration  is  worth  the  price.  Prelim¬ 
inary  measurements  hv  Los  Alamos  and  the  University 
of  Wuppertal  in  West  Germany  on  materials  in  super¬ 
conducting  cavities  suggest  that  the  higher  T 
superconductors  are  even  less  lossy  than  the  now 
common  lower  T  materials.  We  speculate  that  this 
is  because  there  are  actually  fewer  non-supercon- 
ducting  electrons  present  to  cause  residual  losses. 
This  mav  also  provide  clues  as  to  why  the  T  's  are 
so  high  and  as  how  to  make  them  higher. 

Gone  1  us  ion 
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People  who  work  in  the  field  of  superconductiv¬ 
ity  cannot  tell  if  the  public  is  being  oversold  on 
the  promise  ol  applications  for  the  now  supercon¬ 
ductors.  Indeed  no  one  can  see  the  future,  hut  we 
can  feel  the  excitement  of  the  potential  of  these 
new  materials.  Turn  your  thinking  loose  on  how  to 
use  these  new  specifications. 

Ac  know 1  edge men  t 

Work  performed  under  the  auspices  of  the 
Iiopartment  of  Knergv. 
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Abstract 

This  paper  describes  the  fabrication  of  ceramic 
fibers  of  the  high-Tc  superconductor  YBagCugOy  and 
the  testing  procedures  used  to  characterize  these 
materials.  The  major  factors  important  to  the 
fabrication  of  these  fibers  are  described  in  general 
terms  including  some  of  the  issues  relating  to  the 
strength  and  flexibility  of  the  wires.  Measurements 
of  the  three  parameters  which  most  easily 
characterize  the  superconducting  properties  of  the 
fibers,  Tc.  HC2,  and  Jc,  are  described,  particularly  the 
critical  current  density,  Jc. 


Introduction 

The  discovery  of  the  high-Tc  superconductor 
YBa2Cu307(1)  has  stimulated  a  tremendous  interest  in 
superconductivity  in  recent  months.  One  important 
reason  for  this  excitement  is  the  fact  that  a  new 
class  of  materials,  namely  oxides,  has  been  found  to 
posess  superconducting  transition  temperatures  far 
above  those  achieved  with  conventional  metallic 
superconductors,  such  as  the  A-1 5's.  This  means  that 
whole  new  avenues  of  research  into  which  materials 
can  attain  superconductivity  have  been  opened.  More 
importantly  for  applications,  a  brand  new  discipline 
has  been  focused  onto  superconductivity,  namely 
ceramic  science  and  engineering,  bringing  with  it  new 
processing  routes  which  have  not  been  previously 
considered  for  the  fabrication  of  superconducting 
wires.  However,  with  this  new  infusion  of 
researchers  into  superconductivity  one  must  be 
cogniscent  of  the  fact  that  superconductivity 
applications  has  existed  as  a  matured  field  of 
research  for  more  than  25  years.  Issues  involving 


conductor  design,  stabilization,  and  engineering, (2)  all 
of  which  are  beyond  the  scope  of  this  paper,  have  long 
been  optimized  for  specific  applications,  such  as 
high-field  solenoids,  accelerators,  r.f.  cavities,  etc.. 
While  liquid  nitrogen  temperatures  introduce 
potential  simplifications  to  the  design  of  conductors 
it  is  not  the  miracle  cure,  so  to  speak,  that  the  press 
might  make  one  believe.  It  is  therefore  crucially 
important  to  take  advantage  of  the  storehouse  of 
information  which  already  exists  both  in  technical 
journals^)  and  in  the  research  and  industrial 
groups^4)  which  have  a  long  history  of  research  in 
superconductivity  applications. 

In  this  paper  we  present  a  general  description  of 
the  fabrication  of  superconducting  wires  using 
ceramic  fiber  processing  routes.  In  addition,  we  give  a 
brief  overview  of  some  of  the  testing  procedures 
which  are  used  to  characterize  the  superconducting 
properties  of  these  materials. 

Fabrication  of  High-Tc  Superconducting  Wires 

Ceramics  can  be  manufactured  into  wires  by  a 
number  of  techniques.  Depending  on  the  specific 
material,  some  or  all  of  the  following  can  be  used  to 
produce  a  fiiamen.:  drawing  from  a  melt;  zone 
melting;  spinning:  chemical  vapor  deposition;  and 
extrusion. 

Drawing  from  a  melt  is  limited  in  general  to 
crystalline  ceramics  which  melt  congruently  or  to 
glasses.  This  method  of  wire  fabrication  has  been 
used  to  make  short  sections  of  high  Tc  wires. 

Densities  of  98%  of  theoretical  have  been  produced. 
The  resulting  wire  is  initially  inhomogeneous  owing 
to  peritectic  melting,  and  is  nonsuperconducting. 
Subsequent  heat  treatment  in  oxygen  reduces  much  of 
the  inhomogeneity  and  converts  the  nonsupercon- 
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ducting  tetragonal  phase  to  the  superconducting 
orthorhombic  phase.  This  approach  has  been  used  to 
make  short  sections  of  high  Tc  wires  with  critical 
current  densities  of  hundreds  of  A/cm2  in  zero  field 
at  77K  (5>- 

Zone  melting  relies  on  the  same  set  of  solidifi¬ 
cation  properties  as  drawing  does.  A  molten  pool  is 
cooled  to  form  a  solid  of  the  desired  composition. 
Melting  can  occur  through  the  entire  wire;  or  a  central 
core  of  another  material,  which  does  not  melt,  can  be 
used  as  a  substrate.  Superconducting  wires  similar  in 
properties  to  melt-drawn  wires  have  been  produced  by 
this  process  (5). 

Spinning  of  wires  can  be  accomplished  in  one  of 
two  ways.  Either  a  melt  of  the  material  or  a  solution 
containing  the  material  can  be  spun.  Melt  spinning  is 
in  principle  capable  of  producing  long,  continuous 
wires.  The  process  is,  however,  difficult  to  control, 
and  lengths  obtained  are  generally  short.  Spinning  of 
a  solution  which  contains  the  desired  ceramic  cons¬ 
tituents  makes  use  of  technology  used  in  textile 
production.  Two  main  types  of  solutions  are  currently 
spun  into  ceramic  wires:  powders  of  the  desired 
composition  suspended  in  a  fluid;  and  polymers  which 
yield  ceramics  when  fired  to  high  temperatures. 

Neither  technique  has  as  yet  been  used  to  make 
high-Tc  superconductors.  The  former  technique  has 

been  successfully  applied  to  production  of  continuous 
lengths  of  oxides  such  as  AI2O3.  The  resulting  wires 
are,  once  heat  treated,  nearly  fully  dense,  of  uniform 
cross  section,  with  diameters  of  about  20  pm  (6).  A 
problem  exists  in  that  the  filaments  do  not  appear  to 
be  fully  crystalline;  a  glassy  phase  may  coat  grain 
boundaries  Spinning  of  polymers  has  been  used  to 
make  non-oxide  ceramics  such  as  SiC  into  filaments 
hundreds  of  meters  in  length  (®).  It  is  difficult  to 
envision  development  of  polymeric  precursors  which 
will  yield  YBa2Cu307_§  when  fired,  but  the  possibility 
can’t  be  ignored. 

Chemical  vapor  deposition  onto  a  graphite  core 
has  been  used  to  make  SiC  filaments  about  140  pm  in 
diameter.  The  filaments  are  very  flexible  owing  to 
their  high  strengths  and  relatively  small  diameters 
(9).  Gradients  in  carbon  and  silicon  exist  through  the 
SiC  layer,  however  For  this  type  of  process  to  be 
effective  for  superconductor  fabrication,  the 
superconducting  layer  would  need  to  be  much  more 


homogeneous  than  in  the  current  SiC.  High-Tc 
superconductors  contain  three  metallic  elements 
rather  than  just  one,  and  achievement  of  a  uniform 
distribution  of  all  elements  will  be  extremely 
difficult.  No  attempts  of  chemical  vapor  deposition  of 
high-Tc  superconductors  have  been  reported,  thus  far. 

Extrusion  can  yield  ceramic  wires  of  any  length 
desired.  Several  different  approaches  to  extruding 
high-  Tc  wires  have  been  attempted.  Powders  have 
been  extruded  hot  to  form  short  lengths  f1 1 ).  Scaling 
up  to  useful  lengths  has  not  been  accomplished. 
Composite  wires  of  superconductors  with  sheaths  of 
various  metals  have  been  extruded,  but  problems  have 
been  reported.  Silver  has  been  found  to  be  compatible 
with  the  superconductor,  and  incorporation  of  AgO  can 
prevent  degradation  of  the  superconductor  during  hot 
processing  (^2).  Silver  is,  however,  expensive  and 
there  is  evidence  that  metals  tougher  than  Ag  may  be 
needed  to  impart  the  stress  needed  to  deform  the 
superconductor  during  processing  (12). 

Another  method  for  extrusion  of  ceramic  wires 
employs  a  plastic  mix  of  ceramic  powders  and  various 
organics.  The  basic  mix  consists  of  1-2-3  powder  of 
fine  particle  size  (generally  less  than  5  pm  to 
promote  sintering)  ,  a  binder  and  plasticizer  to  impart 
green  strength  and  plasticity  to  the  extruded  wire 
prior  to  sintering,  a  deflocculent  to  insure  optimal 
mixing,  and  a  solvent  which  is  compatible  with  all  of 
the  constituents.  Certain  mixes  may  require  a 
lubricant  to  achieve  uniformity  in  the  green  extrusion. 
The  plastic  mix  is  generally  ball  milled  to  insure 
homogeneity  and  then  partially  dried  to  create  a 
consistency  suitable  for  extrusion-about  like  that  of 
modeling  clay.  The  plastic  mix  is  pressed  through  a 
die  and  wound  onto  a  spindle.  Die  design  and  extrusion 
pressures  are  determined  by  the  character  of  the 
particular  mix.  Once  extruded,  the  mix  is  heated  very 
slowly  to  a  few  hundred  degrees  C  in  order  to  drive 
off  the  organics,  and  is  then  heated  rapidly  to 
temperatures  between  900  and  1000  °C  to  sinter  the 
powder  and  increase  the  density  of  the  mass. 

Controlled  coolmg  in  dry  oxygen  results  in  a 
superconducting  wire.  This  method  is  now  in  use  at 
Argonne  National  Laboratory  and  has  produced  90% 
dense  wires  less  than  100  pm  in  diameter.  Critical 
current  densities  of  hundreds  of  A/cm2  in  zero  field 
and  77K  have  been  obtained.  The  small  diameter  and 
reasonable  strength  allows  for  substantial  flexiblity 
in  the  resulting  wire,  even  though  the  material  itself 
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is  not  ductile.  Incorporation  of  these  ceramic  fibers 
into  a  metallic  matrix  may  be  accomplished  using  a 
technique  similar  to  that  used  for  making  Al/C 
composites  in  the  aerospace  industry. 

Testing  Procedures 

Three  main  parameters,  the  superconducting 
transition  temperature,  Tc,  the  upper  critical  field, 

Hc2,  and  the  critical  current  density,  Jc,  are 
important  for  characterizing  the  parameter  space 
within  which  one  can  potentially  operate  a 
superconducting  device.  All  three  of  these  parameters 
can  be  measured  using  a  standard  four-terminal  dc 
resistance  measurement.  For  our  dense  ceramic 
samples  contacts  can  be  made,  using  indium  solder, 
which  have  low  enough  contact  resistances  to  carry 
about  a  1 0  A  dc  current  without  contact  heating.  While 
a  detailed  description  of  the  testing  procedures  used 
to  determine  these  parameters  is  outside  the  scope  of 
this  paper,  a  brief  general  description  of  each  is  given 
along  with  some  references  where  one  can  find  more 
detailed  information. 

Transition  Temperature 

One  standard  technique  for  measuring  the  super¬ 
conducting  transition  temperature  is  to  use  a 
relatively  small  constant  current  density  (<20A/cm2) 
and  measure  the  voltage  drop  across  the  sample  as  a 
function  of  temperature.  Care  must  be  taken  to  ensure 
that  the  sample  and  the  thermometer  used  are  in 
thermal  equilibrium  with  each  other.  In  particular, 
interfaces  between  the  thermometer  and  the  sample 
can  cause  substantial  measurement  errors  if 
equilibrium  is  not  maintained.  This  can  be  especially 
difficult  if  one  is  using  one  of  the  more  simple 
testing  rigs,  such  as  a  dipping  rig,  where  temperature 
is  varied  by  adjusting  the  height  of  a  sample  above  a 
suitable  cryogenic  liquid,  for  example  liquid  nitrogen. 

A  simple  test  of  the  accuracy  of  the  temperature 
measurement  is  to  check  for  agreement  between  data 
taken  during  warming  and  cooling  the  sample,  Another 
difficulty,  commonly  encountered,  occurs  when  trying 
to  measure  samples  with  large  normal  state 
resistances.  In  this  case  one  can  exceed  the  output 
impedence  of  the  constant  current  supply  as  the  temp¬ 
erature  decreases.  This  can  cause  the  current  to  drop 
to  zero,  and  hence,  the  voltage  to  drop  to  zero  as  well. 
This  can  be  misinterpreted  as  a  superconducting 
transition  to  the  zero-resistance  state  when,  in  fact, 
the  actual  sample  resistance  is  several  Mli.  It  is 


therefore  important  to  monitor  the  output  current  in 
order  to  be  sure  that  the  voltage  being  measured 
corresponds  to  the  sample  resistance.  This  seems 
like  simple  common  sense,  however  the  reports  of 
room  temperature  superconductivity  by  many  groups 
have  all  been  in  mixed-phase  systems  where  samples 
exhibit  semiconducting  behavior  with  large  normal 
state  resistances. 

Upper  Critical  Fields 

Measurements  of  the  upper  critical  field  involve 
the  measurement  of  Tc  as  a  function  of  increasing 
applied  magnetic  fields.  This  measurement  can  be 
done  in  two  equivalent  ways  distinguished  by  the 
logistical  considerations  of  the  situation.  Firstly,  a 
constant  magnetic  field  is  applied  to  the  sample  and 
the  transition  temperature  is  measured  as  described 
above.  Secondly,  the  temperature  is  fixed,  using  a 
suitable  controller,  and  the  magnetic  field  is  swept. 
Care  must  be  taken  to  avoid  magnetoresistive  sample 
heating  caused  by  sweeping  the  magnetic  fields  too 
quickly.  In  addition,  most  commercially  available 
thermometers  cannot  be  used  in  the  presence  of  large 
magnetic  fields  because  of  the  large  magnetoresistive 
calibration  changes  which  occur.  Carbon-glass 
thermometers  are  about  the  only  suitable 
thermometers  which  can  be  used  in  large  magnetic 
fields  and  these  need  to  be  corrected  in  fields  above 
6-8  Tesla. In  either  case  the  data  are  plotted  as 
Tc  vs.  H  and  the  upper  critical  field  is  the  Tc=0 

intercept.  In  cases  where  the  upper  critical  field  is 
larger  than  the  available  magnetic  field,  the  Hc2  of 

the  superconductor  can  be  estimated  using  the  WHH 
approximation  I1 5)  Operationally,  this  involves  the 
determination  of  the  critical  field  slope,  that  is  the 
slope  of  the  Tc  vs.  H  curve  near  the  H=0  intercept.  In 
the  dirty  limit,  the  Hc2  of  the  superconductor  is  given 
by  : 


Hc2=0.692*Tc*critical  field  slope. 

However,  this  is  a  grossly  oversimplified  explanation 
of  how  critical  fields  are  determined  and  should  not 
be  arbitrarily  used  without  obtaining  some 
understanding  of  the  background  associated  with 
these  issues. 
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Critical  Current  Density 

Accurate  measurements  of  the  critical  current 
density  in  superconductors  are  crucially  important  in 
characterizing  the  utility  of  practical  supercon¬ 
ducting  materialst16).  As  such  it  is  probably  the 
most  important  superconducting  parameter  to 
measure.  Unfortunately,  in  most  cases,  it  is  also  the 
most  difficult  to  measure.  The  basic  information 
from  which  the  critical  current  density  (Jc)  is 
determined  is  a  plot  of  voltage  as  a  function  of 
applied  current.  Other  parameters,  such  as  the  applied 
magnetic  field  and  temperature  or  uniaxial  strain,  are 
held  constant  during  the  measurement.  However, 
unlike  the  measurement  of  Tc,  the  voltage  sensitivity 

must  be  better  than  ~10nV  if  one  expects  to 
determine  the  Jc  with  any  degree  of  accuracy. 

Basically  one  looks  very  carefully  for  the  onset  of 
resistance  in  the  sample  as  the  applied  current  is 
slowly  increased  from  zero.  The  current  which  first 
produces  resistance  in  the  sample  is  the  critical 
current,  lc,  which  is  converted  to  Jc  by  dividing  by  the 
cross-sectional  area  of  the  sample.  Jc  is  usually 
quoted  in  A/cm2  although  A/m2  is  more  appropriate  in 
the  MKS  system  of  units.  Since  the  determination  of 
zero  resistance  in  a  sample  involves,  at  best,  the 
setting  of  an  upper  limit  for  the  resistance,  Jc  is 
usually  specified  using  an  electric  field  or  a  resis¬ 
tivity  criterion.  For  example,  that  current  which  pro¬ 
duces  a  measured  resistivity  of  10'12  U-m  is 
commonly  used  to  define  the  critical  current  of  a 
sample.  This  criterion  requires  a  very  sensitive 
measurement  of  the  voltage  of  a  sample.  A  less 
sensitive  but  more  commonly  used  criterion  is  to 
specify  a  voltage  per  unit  length  along  the  sample.  A 
typical  criterion  is  IpV/cm;  how-  ever,  O.lpV/cm  is 
much  better  if  one  has  the  voltage  sensitivity 
available. 

There  are  two  major  sample  geometries  used  for 
the  measurement  of  Jc.  Firstly,  the  short  sample 
measurement  involves  placing  a  short  sample  of 
superconductor  transverse  to  the  applied  magnetic 
field  Current  contacts  are  made  at  the  ends  of  the 
sample  and  voltage  contacts  placed  in  the  middle  far 
enough  from  the  current  contacts  to  avoid  transfer 
voltages  (17).  This  geometry  suffers  from  an 
inability  to  obtain  sensitive  voltage  measurements 
because  of  the  shortness  of  the  samples,  however, 
when  comparing  large  numbers  of  samples  this 
technique  is  most  commonly  used.  Secondly,  the 


Darrel  geometry  involves  winding  a  small  single  layer 
coil  from  the  sample  onto  a  coil  form  for  testing. 

This  technique  has  the  advantage  of  allowing  long 
samples  to  be  measured,  which  greatly  increases  the 
accuracy  with  which  one  can  determine  Jc.  The  coil  is 

placed  in  an  applied  magnetic  field  so  that  the  field  is 
parallel  to  the  coil  axis.  It  is  a  good  idea,  and  for 
materials  sensitive  to  strain  a  necessity,  to  have  the 
direction  of  current  flow  such  that  the  Lorentz  force, 
produced  by  the  interaction  of  the  current  with  the 
magnetic  field,  be  radially  inward. 

Critical  Currents  in  YBanCugOy 

The  critical  currents  in  these  high-Tc  supercon¬ 
ductors  are  dominated  by  the  presence  of  weak-links 
separating  grains  of  the  "123"  material  and  preventing 
large  currents  from  flowing  between  grains.  These 
weak-links  are  most  likely  a  result  of  the  anisotropic 
nature  of  the  superconductor  itself.  That  is,  current 
flowing  along  the  high-Jc  direction  in  one  grain  must 
Josephson  tunnel  into  the  next  misaligned  gram.  The 
result  of  these  weak-links  is  that,  even  though  the  Jc 
of  these  materials  is  already  quite  low  at  77K  in  zero 
magnetic  field  (<1000  A/cm2),  in  small  applied 
magnetic  fields  (as  low  as  10-50  Gauss)  the  Jc  at  77K 

decreases  by  another  two  orders  of  magnitude.  In 
order  to  produce  bulk  ceramic  conductors  capable  of 
supporting  large  currents  the  microstructure  of  the 
fired  material  must  be  textured  so  that  the  c-axis  of 
the  "123"  grains  are  aligned  transverse  to  the 
direction  of  current  transport.  This  has  been  ac¬ 
complished  by  several  groups  using  thin-film 
deposition  techniques  resulting  in  films  with  large 
Jc's  at  77K  (>1x10®  A/cm2)  t1®).  A  complete  review 
of  weak  links  and  their  effects  in  these  materials  can 
be  found  in  the  paper  by  Ekin  et.  al 

Summary 

In  this  paper  we  have  given  a  brief  overview  of 
the  issues  involving  the  processing  of  ceramic  fibers 
of  the  "123"  high-Tc  materials.  In  addition  some  of 
the  testing  procedures  used  to  characterize  the 
superconducting  behavior  have  been  briefly  described 
The  references  given  are  not  meant  to  be  a  compre¬ 
hensive  review  of  the  field,  but  simply  as  a  starting 
point  for  interested  readers.  The  work  at  Argonne  is 
supported  by  the  U.  S.  Department  of  Energy-  Basic 
Energy  Sciences  under  contract  #W-31  - 1 09-ENG-  38 
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ABSTRACT 

Rujtiarkabie  progress  has  been  achieved  in  just 
over  a  year  by  researchers  in  different  countries 
who  nave  discovered  new  classes  of  materials  winch 
are  superconducting  at  liquid  nitrogen  temperatures 
or  higher.  Ic  is  conceivable  that  such  materials 
can  be  processed  in  tne  form  of  wires  or  composite 
tapes  and  mignt  lead  to  the  development  ot  a  new 
generation  of  superconductive  transmission  lines. 

It  is  the  intent  of  uus  paper  to  present  the 
theory  of  superconductivity  as  applied  to  the 
transmission  of  nigh  frequency  communication  sig¬ 
nals.  Previous  deveLopneut  v*jrk  on  superconduct¬ 
ing  oa.municution  caoles  operating  at  tne  tempora- 
ture  of  liquid  helium  is  reviewed.  Theoretical 
results  are  derived  for  huniature  coaxial  lines 
constructed  from  metallic  superconductors  such  as 
lead  or  niobium.  These  results  provide  an  msLght 
into  the  improved  transmission  performance  that  Ccin 
be  exjjected  compared  with  conventional  coi  «x*r-basod 
media. 
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computers.  Althouyh  there  is  the  promise 
that  these  discoveries  could  lead  to  a 
major  technological  revolution,  the 
prospects  tor  realization  of  practical 
super conduc t 1 ng  communication  systems 
will  depend  on  the  economic  factors  and 
on  the  progress  in  the  solution  of  the 
many  engineering  problems  involved. 

The  intent  ot  tins  paper  is  to  present 
an  overview  of  the  transmission  parameters 
of  superconductive  communication  cables. 
First,  the  author  would  like  to  draw  your 
attention  to  other  published  results  in 
the  literature  (see  references)  most  of 
which  predate  the  advent  of  fiber  optics 
in  the  mid-seventies.  Experiments  were 
then  undertaken  by  researchers  m  the  USA, 


USSR  and  Japan  among  others  on  coaxial 
cables  manufactured  with  conductors  of 
elemental  niobium  and  lead  which  are 
superconducting  at  temperatures  of  liquid 
helium  (4.2  K) .  Some  of  the  cable  con¬ 
structions  were  evaluated  for  specialized 
applications  such  as  nuclear  test  instru¬ 
mentation  which  required  very  fast  rise¬ 
time  and  low  signal  distortion  character¬ 
istics.  Otner  studies  m  Japan  and  the 
USSR  focused  on  tne  uusign  ana  performance 
of  superconductive  coaxial  cables  for 
large  capacity  commuuica t ions  media.  At 
the  time,  the  economics  of  cryogenic  cable 
systems  were  dubious  Decause  of  the  high 
cost  ot  ref r lgerd t ion  equipment  and 
associated  transport  systems  and  the 
relative  scarcity  of  liquid  helium.  Given 
the  fast  pace  ot  recent  developments  with 
materials  exnibitmy  superconduct  1  ve  pro¬ 
perties  approaching  room  temperature,  the 
suitability  of  some  of  these  materials  for 
communciut ion  applications  deserves 
further  investigation. 

Very  little  quantitative  data  is 
commonly  available  on  the  properties  of 
the  new  superconductive  materials  except 
perhaps  to  those  scientists  intimately 
involved  m  cut  rent  research  efforts. 

Some  ot  the  most  recent  information  will 
be  presented  uy  «_ne  invited  authors  at 
L ms  session  of  tne  Internet  lonai  Wire 
and  Cable  Symposium.  Consequently,  the 
main  focus  of  this  paper  will  be  to  pre¬ 
sent  the  theory  of  superconductive 
transmission  lines  wan  a  view  towards 
facilitating  an  understanding  of  the 
underlying  concepts.  The  theory  is  based 
on  the  classical  two- fluid  model  first 
proposed  by  Gorter  and  Casimir  m  19J4. 

Tiie  validity  Oi  this  model  has  been  sub¬ 
sequently  confirmed  for  a  wide  range  ot 
traditional  supe rcond uct ing  materials  and 
operating  conditions.  This  model  will  be 
used  to  calculate  the  transmission  para¬ 
meters  of  superconductive  coaxial  lines 
compared  with  the  character ist ics  of 
normally  conducting  communication  cables. 
Coaxial  transmission  lines  have  been  con¬ 
sidered  because  of  the  simplified  math¬ 
ematical  relationships  involved  which 
help  to  illustrate  the  concepts. 


410  International  Wire  &  Cable  Symposium  Proceedings  1987 


I'HFUKY  UK  SUPKKCt  INDUCTORS 


The  DC  resistance  ot  superconductors 
is  effectively  zero  below  a  critical  temp¬ 
erature  (Tc)  which  depends  on  the  pro¬ 
perties  of  the  material.  By  comparison, 
the  AC  resistance  ot  superconductors  has  a 
finite  value,  alDeit  small,  which  is  Doth 
frequency-  and  tenpcrature-oependent.  ihe 
phenomenon  ot  superconductivity  can  best 
be  visualized  with  reference  to  the’  macro¬ 
scopic  two-tluid  model  and  some  ot  the 
more  modern  concepts  embodied  in  micro¬ 
scopic  BCs  theory.4*  At  a  temperature 
below  the  critical  temperature,  some  ot 
the  electrons  in  a  superconductive 
material  bind  together  in  pairs  (Cooper 
pairs)  and  occupy  a  lower  energy  state 
than  the  normal  conduction  electrons. 

IT.-.*  particular  nature  ot  the  paired 
el-ct.  ton  state  nuKes  it  impassible’  for 
the-  c  nip  led  pair  t  ■  lose  Kinetic  energy 
m  interactions  witn  the  at  'ms  ot  the 
lattice-.  Hence  the  material  exhibits 
/“V  '  resistance  t  t  h«  ■  t  i-’W  ■  r  direct 
curra-nf.  l.ru-n  w  qiplii-d  nignetio  field 
is  ir.cr*’  ise.j  af)  'V*  >  vTit  ic.il  value  {  Hc) 

>r  wru-n  the  t>.  mp.-r  it  ere  ’t  trie  mat-  rial 
is  mcf-ase.j  ab  >ve  ( To)  #  the  supercon¬ 
ducting  <  l’-ctren  pair  can  acquire  sutti- 
l”n  t  Kirn  tic  ern-rgy  to  "spilt  apart " 

.ind  the  material  reverts  to  its  normal 
s  r  jt.*.'. 


The  relation  between  super  curr>-nt 
density  ana  the  applied  electric  ti-’ld  is 
given  by  London's  equation: 


dJs 

dt 


E/u> 


2 


where,  u  -  permeability  constant 
>2  s  m/uNs©^ 

m  =  mass  of  an  electron 
e  =  charge  of  an  electron 


(3) 


ihe  parameter  <  V  )  has  the  dimensions  ot 
distance’  arid  is  termed  the  London  p-  -m  t.  ra¬ 
tion  depth.  as  will  be  seen  later,  this 
term  has  an  analogous  meaning  to  the 
classical  skin  depth  ot  normal  conductive 
mat-rials.  Ihe  n.i  jHitud*.-  ot  {  K  )  is 
typically  in  tne  order  ot  2UU-2UUU  Angs¬ 
troms  t  *r  traditional  sup<  r  c«  m'iui:  t  l  n 
Plater  1  a  is  . 


Ihe  combined  current  density  in  t.  re- 
material  is  determined  by  using  ‘l.ixw-  i  1  '  s 
nv:  London's  equations  ma  is  equal  u  t  h*. 
normal  current,  the  super  current  and  tru- 
*:  l  sp  i  .icnon  t  current  densities  as  t  >iiows: 


Jtotal  =  Jn 


’  ^  °n"  j.,.. 


where,  d/df.  =  jw  for  sinusoids 


ln>-  twi  -tlui'.i  n-nW  assures  that,  noth 
n  >i  ”!  i  L  ana  super  lin'tmns  are  present  in 
trie-  supe't  aemiuet  ive  state  (l  lc,Htlc). 

1  f  >  *  t  r  i.-t  ion  t  tile  ,'iv.i  i  l.ihlt*  super 
eleetrms  and  iv'ii.l  -l-xtrins  are  ;iven 
t.y  t.  tie-  tell  awtnj  rei.ir.iiin  P.iseil  •  >n  t  lie 
t  r"'n  i  properties  il  supe  reunouet  its. 


Ns  =  N^1-(T/TC)4 
Nn  -  N-Ns 


(1) 

(2! 


The  displacement  current  aensity  term 
(j  .  )  can  he  neglected  compared  to  the 

otner  terms  tor  a  good  conductor  l.e., 

■  j  .  i.  .  Equation  (4)  thus  reduces 
into  an  ohm's  Law  relationship 
it  we  introduce  the  notion  ot  a  complex 
conductivity.  ' 

=  Re  [  •  ]  -  j  (5) 


N  -  Total  number  of  conduction 
e lect  rons 

only  the  super  electrons  can  court  1- 
fr.it.  ■  t  >  r  [if  flow  -  - 1  direct  ourient  l  DC ) 
since  according  to  uhn's  law  ( J =  L ) ,  -  , 

\  ti«*  electric  field  in  the  material  is 
•  tt*-ct  ively  zero  and  th\-»e  is  no  energy 
t.  r  mst'-r  to  the  normal  cl  *-ct.  r  ans  .  Kor 
a  i  tei  n  i  1. 1  ng  cur  tint.  (AC),  the  accelerating 
m-jf  i  *  i  r  i  i ;  t  the  super  electr  inn,  by  virtu*- 
d  tti'-ir  invrti.il  mass,  introduces  a 
reactive  1  np« ’da nc* .-  which  giv.-s  rise  to  an 
•.•lect.  ric  field  in  the  material.  Die  pre¬ 
sence  ->t  .in  electric  tic’ld  unmasks  the 
nonil  electrons  which  can  now  contribute 
to  the  current  flow.  The  normal  component 
ot  current  flow  depends  on  the  number  ot 
available  electrons  (Nn=  function  ot  temp- 
per.iture  and  material  properties)  and  the 
ma  j  n  l  t.ude  ot  the  electric  field  in  the 
material  (L  =  function  ot  frequency). 


1’he  above  equations  summarize  in  a 
nut  shell  the  theoretical  relationships 
i  )f  the  classical  (local)  model  ot  super¬ 
conductivity,  The  expression  tor  the 
complex  conductivity  can  now  be  plugged 
into  the  traditional  transmission  Line 
equations  tor  coaxial  pairs  as  will  be 
seen  in  the  rext  section.  Before  apply¬ 
ing  the  then* y  in  a  practical  example, 
the  author  will  briefly  review  the  condi¬ 
tions  that  determine  the  applicability  ot 
the  model. 

The  local  condition  of  the  two- fluid 
model  refers  to  the  expression  tor  Ohm’s 
Law  ( .J  =  L)  where  it  is  assumed  that  the 
current  density  at  a  point  in  the  material 
is  determined  by  the  electric  field  at 
that  point  by  a  local  J  ( t, )  relationship. 
This  will  hold  true  in  a  normal  metal 
where  the  electric  field  does  not  change 
appreciably  over  the  mean  tree  path  (  i  ) 
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which  is  aetinea  as  the  distance  a  normal 
electron  can  travel  without  being 
scattered.  Such  metals  exhibit  the 
classical  skin  ettect  (5'»S)  where  ■'  is 
the  skin  depth.  In  other  moderately 
pure  metals  at  very  high  trequencies,  the 
skin  depth  can  be  much  less  than  the  mean 
tree  path  (5<<t)  and  the  electric  tield 
changes  rapidly  over  very  short  distances. 
In  such  materials,  the  current  density  at 
a  point  is  determined  by  a  non-local  J(E) 
relationship  involving  an  integral  ot  the 
electric  tield  at  distances  up  to  the  mean 
tree  path  trom  the  point.  Lhe  materials 
under  these  conditions  exhibit  what  is 
reterred  to  as  the  anomalous  skin  ettect. 

Similar  limiting  conditions  have  been 
developed  lor  the  superconducting  state. J 
In  this  case  the  penetration  depth  ( /.  ) 
is  compared  with  the  coherence  distince 
ot  electron  pairs  l ' )  where  the  coherence 
distance  is  detinea  as  the  extent  ot  coup¬ 
ling  between  bound  electron  pairs.  l'he 
local  case  applies  when  (  /.  ■,')  and  is 

called  the  "London  limit".  Estimates  tor 
the  ratio  ot  (  ■ /■"  )  are  given  in  refer¬ 
ence  37  trom  which  it  is  concluded  that  the 
London  condition  applies  in  most  cases. 

The  theoretical  relationships  tor  the  non¬ 
local  model  are  somewhat  dltterent  ana  are 
applicable  when  (  l'he  limiting  con¬ 

dition  is  called  The  "Pippard  limit".  in 
a  papei  by  McCaa  ana  Nahman,^  the 
measured  values  ot  attenuation  and  step 
response  tor  a  Pb-Nb  coaxial  line  at 
■1.24  K  have  been  presented.  Their  results 
show  that  tue  measurements  are  bounded 
between  the  values  calculated  using  the 
classical  and  anomalous  models.  In  tins 
case,  the  classical  model  predicts  the 
worst  case  chu rac ter l st l es . 

S  U  P  t  KCON  UliCll  Vfc  COAX  ML  LINK  MODEL 


Fig.  1  -  Cross-secticnal  View  of  a  Coaxial  Pair 
and  Corresponding  Equivalent  Circuit 


Pig.  1  shows  a  cross-sectional  view  ot 
a  coaxial  pair  and  its  equivalent  circuit, 
lhe  transmission  parameters  are  determined 
trom  the  primary  constants,  namely  the 
distributed  resistance,  inductance,  capa¬ 
citance  and  conductance  per  unit  length. 
The  primary  constants  are  obtained  trom  a 
theoretical  analysis  ot  the  tield  equa¬ 
tions  tor  a  cylindrical  coordinate  system, 
lhe  well  known  relationships  for  L,  C  ana 
G  ot  a  coaxial  pair  due  to  the  external 
field  in  the  dielectric  material  are  given 
oy: 


L  = 

^in(d0/di) 

(6) 

C  = 

e j-c q2~  in(do/df) 

(7) 

G  = 

~Ctan6 

(8) 

where  u.  = 

2-nf 

An  additional  expression  is  needed  tot 
the  resistance  and  internal  inductance  ot 
the  conductor  material.  The  classical 
method  involves  finding  a  solution  tor  the 
current  density  distribution  in  the  con¬ 
ductor  which  tor  the  case  ot  round  or 
tubular  conductors  is  given  by  the 
following  differential  equation: 

2  X  -■ 

JP2JZ  (  r)  *  p  Jrjz  ( r)  -  j  -  Jz  (  r)  =  o  (9) 

Equation  (9)  is  a  mod  it  led  form  ot 
Bessel's  equation  ot  order  zero  tor 
which  solutions  nave  been  determined  in 
the  literature  in  terms  ot  the  argument 
k  =  j.  -c  .  It  is  noted  that  the 
equation  is  in  a  convenient  form  whereby 
the  expression  tor  the  complex  conducti¬ 
vity  given  in  (5)  can  be  directly  sub¬ 
stituted  tor  the  superconductive  state. 

It  is  beyond  the  scope  of  this  paper  to 
present  a  rigorous  mathematical  treatment 
tor  the  general  case.  A  simple  solution 
is  given  tor  the  special  case  at  high 
trequencies  where  the  current  tlow  in  a 
coaxial  pan  is  concentrated  at  the  outer 
surface  ot  the  inner  conductor  and  the 
inner  surface  ot  the  outer  conductor. 

lhe  surface  impedance  ot  a  good  conductor 
at  high  trequenc.es  is  given  by: 


Zs  = 


(10) 


From  which, 

Zs  *  Rs  *  >iLs  (11) 

Rs  =  l/'|ln  in  ohms  per  square 
Ls  -  Rs/ - 


and,  n 


(2/,.ue)  * 


(12) 


412  International  Wire  &  Cable  Symposium  Proceedings  1987 


whet  e 


‘  n  is  culled  the  sKin  dept,  n  which 
is  the  depth  where  the  current 
density’  has  decayed  t  >  Me  =  *t 
LtS  SUft  JC'J  value. 

pot  normal  conducting  muter  luls,  the 
t>til  resistance  and  the  internal  induct¬ 
ance  ot  the  inner  and  outer  conduct  >r::» 


i  re 

obtu 1 ned  t  t  om  (11): 

R  -  Rsl/-di  *  Rs2/d0 

(1  3) 

Li  =  R/- 

(14) 

wm*  r  e , 

Ksl»  and  kS2  is  the  suit  ic** 
resistivity  in  ohms  per  s.juare 
•  t  t  fie  inner  and  outer  c onduct  - 
■ » r  s  re s pe c t  1  v e  1  y . 

Ft  super  conduct  mj  materials,  th--  ex¬ 
pression  t  d  complex  conductivity  >t  *.■  ja.«- 
t  i  *ri  i  "> )  is  substitute.,:  i'i  i  |iii  an.:  ;j 
app  r  ’X  mu  tel/: 
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ss  [  sj  2N 

Lss  ‘  Ir[2s]  ■  r  ■■■ 


K  p<  It  I  n  \  l’.d  c  i  ’ .  b-  I  .if  tt..  r  imp  I  i  - 
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p.i  r  i"'-  *  •  •  r  by  . .  t  l  I  :  :*  :  t 


J  tt  d  del  t  >  com; 

>  1  e  t-.-  tin  m-  -d«  ■  J  , 

t  h- 
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(  17) 
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( rad/ length) 

(18) 
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Phase  Delay:  T 
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DESIGN  PARAMETERS 

Name 

Value 

SI 

Units 

seex 

COC 

Inner  condr  dia. 

di 

0.275 

2.60 

n«n 

Outer  condr  dia. 

0.85 

0.60 

nm 

Relative  permittivity 

er 

2.10 

1.10 

- 

Loss  angLe 

tantf 

1.0X10 

i .0x10 

- 

Inductance 

L 

0.220 

0.201 

uH/rn 

Capacitance 

C 

103.5 

46.8 

pF/m 

Characteristic  LTpudance 

Zo 

46 . 7 

74.7 

Phase  delay 

T 

4.83 

3.50 

ns/rti 

tabif  r 


Idblu  1  presents  t.he  iiesi-jn  para¬ 
meters  tor  a  typical  superconductive 
coaxial  line'-6  compared  with  a  conven¬ 
tional  coaxial  cubic.  I  he  conventional 
.•.ir>ie  is  const  ruct.ed  nt  copper  inner 
and  niter  conductors  witli  a  semi-air 
d le 1 ec  trie. 


PHYSICAL  CONSTANTS 

Now 

Value 

SI 

Units 

Permeability  of  free  space  uo 

Permittivity  of  free  space  eo 

Electron  charge  magnitude  e 

electron  rest  mass  m 

Conductivity  of  copper  3  20  C  acu 
Boiling  point  of  he!  inn  ^he 

1.26xl0‘6 

8.85x10,? 

1 .60x10”?? 
9.iixio:J1 
5.80X107 

4.24 

H/m 

F/m 

C 

kg 

l/M-m) 

K 

PROPERTIES  OP  NIOBIUM  AND  LEAD 

Property 

Value 

SI 

Units 

Niobum  Lead 

London  penetration  depth  X 

Density  of  paired  electrons  NB 
Density  of  normal  electrons  Nn 
Density  of  total  electrons  N 
Conductivity  of  4.2K(H»HC)  a 
Critical  temperature  Tc 

Critical  ntsgnstic  field  He 

strength 

5.50x10*®  8.35x10-8 
9.34X1027  4.05X1027 
4.37X102®  5.33X1026 
9.77X1027  4.58X1027 
6.67xl07  4.35x10® 

9.22  7.26 

1.64x10s  6.40x10® 

m 

l/K 

1M 

K 

Vra 

TABLE  II 


I'ne  Key  results  are  presented  in  Fig.  2 
tniau.jli  Fig.i  inclusive.  They  are  calcu¬ 
li  ted  tor  the  example  given  in  Table  I 
using  the  two-tluid  model  and  the  physical 
constants  jiven  in  lable  11.  The  physical 
constants  were  obtained  trom  published 


DEPTH  OE  PENETRATION  RATIO 


Pig.  2  -  Ratio  of  Penetration  Depths  for 
Superconductive  vs.  Normal  State 
of  Niobium  ?  4 .2  K 


At  high  t reguonc les ,  the  current  tlow 
is  concentrated  in  a  thin  layer  ,it  the 
outer  sut  tic  ot  the  inner  conduct. >t  and 
the  inner  surface  ot  the  outer  conductor, 
the  layer  thickness  is  jiven  by  the  London 
penetration  depth  1)  tor  the  super¬ 
conductive  st ite  and  by  the  skin  depth 
(  "n )  tot  the  normal  state.  the  ratio  --t 
the  penetration  depth  to  the  Skin  depth 
as  a  tunction  ot  frequency  is  illustrated 
in  Fig.  2  tot  niobium  at  a  temperature  >1 
4.2  X.  From  Fig.  2,  it  is  Seen  that  the 
penet.ation  depth  tor  the  superconductive 
state  is  much  less  than  the  normal  skin 
ciept  h . 


SURFACE  IMPEDANCE 


Pig.  3  -  Surface  Inpedanae  of  Niobium  Con¬ 
ductor  t?  4.2  K  for  the  Supercon¬ 
ductive  and  the  Normal  State 
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ATTENUATION 


l  he  surface  inpi.*aanco  calculated  trom 
•.‘ijuations  111)  ana  (lb)  is  shown  in  Fig.  j 
1  >r  the  case  ot  niuDiun  at  a  temperature 
ot  4.2  K.  For  trie  superconauct  l vo  state, 
it  is  seen  that  the  resistive  component  is 
very  snail  compared  with  the  reactive  com¬ 
ponent  ot  surface  impedance.  Also,  it  is 
seen  that  there  is  a  aromatic  increase  in 
the  surface  resistivity  when  the  material 
under joes  a  transition  trom  t ho  supercon¬ 
ductive  to  the  normal  state  (bottom  curve 
to  the  top  curve). 


ATTENUATION 


Fi^QCENCY  (<3iz) 

t  ig.  4  -  Attenuati.cn  Frequency  Character¬ 
istics  for  the  Normal  and  Super¬ 
conductive  State  conpaned  with  a 
Reference  Coaxial  Line 


i'he  at  term  it  i  n  characteristics  ar** 
presented  in  Ftj.  4  over  the  t  reguehoy 
ran  j-’  :.»•  •  t  ween  1  MHz  ina  M  CHz.  I  he 
1 1  te-iu  it.  l  )h  values  are  jiven  at  a  temp- 
•  -i.it  are  ot  4.2  K  tor  the  superconductive 
cm. ix  ill  line*  and  at  2^3  K  tor  the  refer¬ 
ence  cable.  DeSplte  Its  Small*  t  S1Z'.1,  the 
t-tal  at  tenu.it  1  in  lncludinj  dielectric 
l  )SSt‘S  ot  the  super co* nnuct  ive  cable 
(second  curve  trom  tin.*  bottom)  is  it  least 
two  orders  ot  mnjni  tune  1  >w»*r  than  the 
reterence  cable  l  second  cutv"  trom  t.  he 
top).  1  he  calculated  at  t  •-•nu.it  ion  at  1  tillz 
is  u .  r>  nH/km.  Also,  it  is  seen  that  there 
is  a  ur.in.it  ic  increase  in  attenuation  (t  >p 
curve)  when  t  h-*  sup'.1  x  conduc  t  l  v«*  cable* 
reverts  to  its  normal  state. 


'ig.  5  -  Attenuation  frequency  Character¬ 
istics  as  a  •'unction  of  the  Die- 
electric  i/^sses  in  the  Insulation 


Kij.  b  illustrates  the  e tract  >t  di¬ 
electric  losses  on  the  total  attenuation 
tor  the  superconductive  cable  jiven  in 
iable  [ .  At  lower  frequencies,  it  is 
noted  that  the-  dielectric  loss  is  the 
dominant  component  ot  attenuation.  a 


c ha n je 

in  the  m-.-T-ctrn:  loss  trim 

tan  •  = 

iu-fc 

which  is  typical  of  tl 

uor  o- 

p; ;  1  yme  r 

S  .11 

cryo  j«.-n  ic  temper  at  ures 

t  •  • 

t  an  '  - 

1  U  O 

which  is  typical  ot  po 

iy<>- 

1  e  t  l  n  s 

at  t 

ion  temperature  results 

l  n  t 

si jn it  leant  increase  in  attenuation. 


DISCUSS l UN 

Die  theoretical  results  presented  in 
this  paper  have  been  derived  trom  previous 
studies  ana  experiments  with  supercon¬ 
ductive  coaxial  cables.  These  cables  wore 
constructed  with  metallic  conductors  such 
as  niobium  and  lead  which  become  super¬ 
conductive  at  critical  temperatures  close 
to  the  temperature  ot  Liquid  helium 
(4.2  K).  Those  results  .ire  intended  to 
illustrate  the  magnitude  ot  the  improve¬ 
ment  that  can  be  expected  in  the  trans¬ 
mission  parameters  >t  superconducting  vs. 
normally  condjcting  communications  cables 
at  high  frequencies*  Similar  results 
might  be  obtained  tot  the  new  class  ot 
ceramic  compounds  that  have  been  found  t'> 
exhibit  super  conduct  1 n j  properties  at 
temperatures  much  higher  than  the  temp¬ 
erature  of  liquid  nitrogen  (77  K).  i he 

properties  ot  one  such  material  are  jiven 
in  reference.  52  Howevet  ,  it  still  tem.ii  ns 
to  be  do tel  mined  to  what  extent  the  t wa¬ 
ll  uid  model  can  be  rsed  t->  predict  The 
high  frequency  character  1  st.  les  lor-  these 
materials.  Consequently,  the  author  has 
retrained  trom  presenting  any  theoretical 
results  tor  these  mat.-oials  at  this  time. 
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There  are  a  number  ot  other  practical 
cons  uierjt  ions  that  need  to  be  addressee! 
in  the  design  and  manufacture  ot  super¬ 
conductive  communication  cable.  one 
important  consideration  is  the  dimension¬ 
al  uniformity  and  tne  homogeneity  ot  the 
insulation  along  the  length  ot  the  coaxial 
pair.  Previous  studies  in  Japan28 '48 
have  shown  that  periodic  dimensional 
variations  can  give  rise  to  sign  it  leant 
ripples  in  the  attenuation  frequency 
character l st 1 cs .  Another  major  considera¬ 
tion  relates  to  the  physical  properties  ot 
the  new  materials  which  are  intr lnsical ly 
brittle.  Can  flexible  wires  or  coatings 
be  made  tr  »rr  such  ceramics/  tonal  is  *  *>r 
onv  i  roninen  t  al  stability  >t  these 
mater  ials/  1 o  wnat  extent  are  trie  super¬ 

conducting  properties  uttected  by 
mechanical  stresses/  i'he  answers  ti>  tries-.- 
questions  will  bring  more  challenges  ana 
it  will  be  some  time  yet  lie  tore  ali  t  tie 
technical  hurdles  can  be  overcome. 

I  he  Ct  it.  leal  cut' lent,  density  arid  ttie 
critic. tl  magnetic  tie  Id  paramet-  rs  th«. 

new  supe r conduc r  i ng  materials  will  need 
f-o  be  cV.ilujtt'iJ  t  o  the  transmission  line 
»pp  l  l  c  it.  i- .  f  >t  conmun  i  c..i  1 1  on  r*i  jnais, 

'  n  i  y  sm  ill  m  a  ;  n  e  t  l  c  t  i  e  1  d  S  a  r  e  g  enei.it  e 
ei:  t  tie  cr  l  tic.  1 1  tie  id  nas  not  been 
identified  as  a  limiting  factor.  J'be 
current  density  -n  the  other  hand  can  be 
guile  l  .i  t  je  in  view  »t  the  tact  that  the 
current  t  low  is  concentr  ated  in  a  thin 
layer”  it  trie  surface  >t  trie  conductor, 
i  ‘ 1 1  > 1  are  inaic.it  i  >ns  that  the  new 
materials  have  !<>w  critic  »L  current. 

•b-MSiT  i--s  1  liiuj  cm'  a  lower  tor  the 
: )  j  l  f «  mat- -rial).  Sucn  Lew  values  are  >1 
c  'iK'-'t  n  an:  cm  b«*  an  >v».  rt  idinj  eri- 
t-.-r'i  »n  t  >r  this  application.  It  is 
be  lie  Veil  thir  trie  >'|  l'-nt.it  icn  ot  the 

cryst  its  is  responsible  t  >r  the  low 
v  il  n  s  » t  cr  it  ic.il  current  densities 
onr  hive  been  rep  >r  tel.  I'he  juestion 
\  :>•  i;ij  ct :  i .  *  ;  at  this  tine  by 

s  :  l  eh  r  i  s  t  s  in  r  he  L  i  e  Id  . 

Initially,  it  is  liKely  ilui*  the  new 
.  ,i :  1 1  e  t  i  >1 1  s  <md  their  deliver  ices  will  t  uid 
j  noi.ie  in  Slice  ill  l  Zud  electronic  circuits 

A  (t 

and  'Ouiputer  app  l  l c  j  r.  l ons  .  J  The  puc- 
uni  imp  i  ement  1 1 1  on  ol  a  sapor  conduct  l  v*j 
co.tu.n  *ti  licit  ion  c  able  [presents  «.i  inure  diffi¬ 
cult  tecnrii  -  a  1  and  economic  challenge. 
r'd'St,  it  is  nut  Known  wnetner  the  new 
i  1 1.  i  i  a  l  3  can  oe  adapt e<d  to  aCCommod  1 1 e 
me  median  l  c  1 1  stresses  involved  during 

■ibie  Mali  tit  iCtUte  I-*  ill  1IISI  ll  l.jtlOli. 

Second,  in  order  to  be  commercially 
viable,  such  .  -ibles  would  have  to  compote 
iirectiy  with  the  already  established 
i  lute  optics  .»nd  copper  based  ried  i  a . 


In  theory,  the  new  superconducting 
materials  otter  exciting  opportunities 
tor  the  future  along  with  a  new  set  ot 
challenges.  It  is  too  early  to  tell  what 
technical  breakthrough  still  lies  ahead 
and  wnat  can  be  realized  in  practice. 
Given  the  fast  pace  of  current  research 
et torts  a  flexible,  low  cost,  room  temp¬ 
erature  superconductor  may  be  just  around 
the  corner. 
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Sag  and  Tension 


The  adaptation  of  the  Figure-8  cable  con¬ 
cept  to  fiber  optics  is  presented.  Aerial  in¬ 
stallation  phenomena,  including  sag  and 
tension  analysis  and  wind-induced  cable 
motion,  are  reviewed  as  criteria  for  the 
subsequent  test  plan.  Prototype  cables  in  both 
tight  buffer  and  loose  tube  design  were 
manufactured  using  a  stranded  steel  messenger. 
Subsequently,  an  all-dielectric  option  was 
developed,  featuring  an  FRP  messenger  bonded 
to  the  jacket.  All  were  evaluated  in  tests 
developed  to  simulate  aerial  service. 


1 .  Introduction 

Aerial  telecommunication  cable  can  offer 
the  operating  company  advantages  in  installa¬ 
tion  convenience  and  costs,  particularly  in 
cases  where  support  structures  already  exist. 
Among  aerial  designs,  those  which  self-contain 
the  necessary  strength  elements  will  obviate 
the  need  for  a  separate  messenger-stringing/ 
lashing  operation,  lowering  installation  costs 
still  further.  Of  these  self-supporting 
types,  the  integral  messenger  (or  "Figure-8") 
design  offers  the  advantage  of  a  strength 
member  external  to  the  signal-carrying  core. 
This  messenger  can  therefore  be  subjected  to 
jacket  stripping,  dead-ending,  and  suspending, 
often  rugged  procedures,  without  undue  concern 
for  the  integrity  of  the  core.  This  paper 
reports  on  the  adaptation  of  this  traditional 
cable  configuration  to  the  field  of  fiber 
optics. 


Sag  and  tension  investigation  seeks  c>>  answer 
.he  following  questions: 

1.  For  a  given  span  he  tween  poles,  will  a 
tension  member  of  known  area  ar.d  modulus 
support  a  cable  of  known  weight? 

2 .  Once  installed  at  a  selected  initial  sag 
and  tension,  how  will  tension  and  sag  sub¬ 
sequently  vary  under  different  conditions 
of  wind  and  ice  loading? 

Classically,  a  cable  hanging  between  two  sup¬ 
ports  would  have  to  be  described  according  to 
the  "catenary  curve": 


T  cos*)  u  , 

y  *  -  cosh  ( 
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T  cos  v 


-c  -  1) 
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where  x,  y  are  horizontal  and  vertical  compo¬ 
nents  of  location 


V  =  cable  weight,  effective 
T  =  tension  at  any  point  of  toe  cable 
b  =  angle  relative  to  the  horizontal 


FC  I 


Figure  1.  Uniform  cable  loaded  by  its  own  weight. 


By  setting  y  =  d  (sag)  at  x  =  S/2  where  S  = 
span,  Equation  1  becomes: 


II.  Aerial  Installation  Phenomena 
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The  development  of  a  Figure-8  fiber  optic 
cable  begins  with  analysis  of  classical  aerial 
installation  phenomena  into  which  have  been 
incorporated  the  special  considerations 
associated  with  Figure-8  cross  sections  and 
optical  transmission.  Dividing  such  phenomena 
into  static  and  dynamic,  let  us  first  consider 
the  static  situation,  that  of  sag  and  tension. 


To  avoid  hyperbolic  functions,  it  is  accep¬ 
table  to  assume  that  a  parabolic  function 
applies  in  cases  of  actual  cable  stringing, 
where  sag  is  small  compared  to  span.  Even 
where  sag  equals  so  much  as  b  percent  of  span, 
the  error  in  assuming  a  parabolic  relationship 
is  less  than  0.3  percent^  and  the  following 
equation  applies: 
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E  tl o  c  t i v  e  cable  weight.  W,  is  a  vector  resultant 
of  three  primary  forces:  actual  cable  weight, 
V  ,  ice  load,  and  the  effect  of  wind  loading, 
the  equation  has  the  general  form  of  a  vector 
resultant : 


.  (.W  +  Ice  Load)* 


'(Wind  Load)* 


Applying  specifics,  this  equation  becomes: 


•.  |U’  +  [  (0!)  +  JI  r  -  (OU)  - /4  X  K  X  10  3)  r  + 

o  _  _ _ _ _ ^ 

ice  load 

-  '1  1 

itOD  +  21)  x  Z  x  10  l1*)*  +  C  (4) 

Effect ive 

Cable 

Diameter 

where  1  =  ice  thickness,  mm  ^ 

K  =  density  of  ice  (usually  .92) 

2  =  wind  load  (kg/sq.  meter) 

C  =  constant  to  be  added  (pjx;  National 
Electrical  Safety  Code) 


Next,  cable  strain,  •  ,  is  addressed  and  is  the 
summation  oi  elongations  due  to  tension  T  and 
thermal  expansion  at  temperature  t. 


=  x  ( t  -  t  )  +  1 7  EA  (  5 ) 

m 

where  t  =  cable  manufacturing  temperature 

K  '  =  Young’s  modulus  of  the  tension  member 
A  =  area  of  the  tension  member 
*  =  coefficient  of  linear  expansion  of 

the  tension  member. 

At  this  point,  the  actual  total  strain  maxi mums 
are  introduced.  For  long-term  service,  t  must 
be  less  than  ,  the  allowable  system  strain. 
(For  example,  •  could  equal  .002  for  tight 
bufler  and  equal  .003  for  loose  tube,  but  these 
parameters  can  be  adjusted  for  state-of-the- 
art.)  ’  From  this  prerequisite  comes  the 

requirement  that 

six  -  !•  -  -u  -  'Jld  (h) 


This  our  first  working  equation.  If  the  rela¬ 
tionship  of  Equation  7  holds  true,  the  choice 
of  strength  member  variables  E  and  A  are  ade¬ 
quate  for  the  desired  span  S  under  the  other 
related  conditions.  If  EA  exceeds  the 
right-hand  side  of  the  equation,  the 
installation  is  valid.  If  EA  is  less  than  the 
right  side,  the  variables  must  be  modified 
(usually  by  shortening  the  span).  In  this  way, 
the  answer  to  the  first  question  posed  in  sag 
and  tension  is  arrived  at. 

The  second  question,  of  defining  s^ig  and  ten¬ 
sion  after  loading,  is  dealt  with,  by  the  fol¬ 
lowing  equation,  based  on  the  parabolic: 
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where  T  =  — —  and  T  =  -7-: — 
od  o  8d 
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Because  d  <<S,  then  the  assumption  that  1  + 
8d  / ( 3 S )  1  can  be  made.  This  simplifies 

Equation  8  to 
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Equation  9  is  our  second  working  equation. 

The  output  values  in  sag  and  tension  calcula¬ 
tions  are  initial  sag,  maximum  span,  and  ser¬ 
vice  sag  (usually  under  worse-case  conditions). 
In  the  course  of  this  work  an  extensive  analy¬ 
sis  was  made  of  thirteen  sag  and  tension  input 
variables  ranging  from  ice  density  theory  to 
empirical  calculation  of  the  actual  Young’s 
modulus  of  a  stranded  messenger.  Inclusion  of 
material  would  unduly  burden  the  present  paper, 
but  it  is  hoped  that  separate  publication  can 
be  made  soon. 


Now  the  variable  sag,  d,  is  also  related  to  tem¬ 
peratures  at  time  of  installation,  t.,  and  the 
variable  temperature,  t,  as  well  as  initial  sag 

at  installation,  d  ,  so  that  the  preceding  re- 
,  ,  o  ,  . 

quirement  can  be  expanded  to 


8p  3/8(qS*~)  +  d^** 


B .  Vibratory 

Vibratory  motion  in  aerial  cable  installa¬ 
tions  is  of  two  types:  the  low-frequencv/ 
high  amplitude  movement  known  as  "gallop¬ 
ing"  or  "dancing"  and  the  high  frequency/ 
low  amplitude  motion  of  aeolian  vibration. 
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1.  Galloping.  Any  considerat  ion  of 
Figure-8  cable  service  must  address  tli^s 
form  of  movement.  When  wind  blows  against 
a  cable  showing  a  smooth,  circular  shape 
the  result  is  a  drag  force  which  pushes  the 
cable  in  the  direction  of  the  wind.  When 
the  cable  shape  is  asymmetrical,  however, 
there  is  a  lift  component  of  wind  force  as 
well  as  drag.  As  this  upward  force  is 
acted  against  by  gravity  in  the  downward 
direction,  the  result  is  a  vibration  of 
often  powerful  energy.  The  frequency  of 
this  wave  may  be  on  the  order  of  L  to  4  Hz 
and  of  an  amplitude  dependent  on  stringing 
variables  such  as  initial  tension,  span 
length,  and  initial  sag. 

Classical  work  in  this  urea  was  done 
by  J.  P.  Den  Hartog  in  1932 '’and  lias  been 
more  recently  reviewed  as  well.^*? 
Examples  of  asymmetrical  shapes  include 
lashed  messenger  cable,  overhead  conductors 
which  have  undergone  icing,  and  the  Figure- 
8  design. 

Tendency  to  gallop  can  be  minimized  by 
selection  of  the  stringing  variables  men¬ 
tioned.  Higher  messenger  tension,  lower 
sag,  and  limited  span  length  ail  act  to 
alleviate  this  phenomenon.  Thus,  even 
though  prototype  Figure-8  optical  cables 
performed  extremely  well  in  severe 
galloping  tests  described  later,  our 
company  has  recommended  that  these  cables 
be  limited  to  spans  of  about  130  meters  or 
less  as  conservative  practice,  i!  ter  no 
other  reason  than  to  lessen  wear  on 
installation  hardware. 

An  alternate  or  supplementary  approach 
to  galloping  can  be  taken  at  insta 1 1  a t ion . 
By  alternating  the  relative  orientation  ol 
core  to  messenger  by  rotating  the  cable  in 
an  oscillation  between  spans,  the  asymmetry 
presented  to  the  wind  can  be  randomized  and 
the  high-amplitude  vibration  neutralized. 
This  theory  is  incorporated  in  the  commer¬ 
cial  lv-avai lable  plastic  helical  galloping 
suppression  devices  which  can  be  wrapped  on 
existing  spans  to  accomplish  the  same  pur- 
post.  7’8 


3.  Aeo  1  ian .  For  all  the  considera- 
t  ion  directed  toward  high-amplitude  vibra¬ 
tion,  the  other  mode  of  wind- induced  move¬ 
ment,  the  low-amplitude  aeo 1 ian  notion,  is 
essentially  absent  in  this  type  ol’  cable. 
Theory  would  predict  that  a  uniform  shape 
(in  contrast  to  Figure-8)  is  needed  to  pro¬ 
vide  the  vortex  shedding  phenomenon  respon- 
^j.bjg  for  initiation  of  aeo  1  ian  vibration. 

’  This  expectation  has  been  confirmed 
empirically  in  asymmetrical  cable  shapes  by 
other  investigators. 


III.  Developmental  Cables 
A.  Prototype  Cables 

Two  sets  of  prototype  cables  have  been  de¬ 
signed  and  produced  at  the  Research  Tri¬ 
angle  facility.  A  set  consisted  of  a  loose 
tube  and  a  tight  buffer  design,  while  sets 
differed  by  the  type  of  messenger  employed, 
as  illustated  in  Figures  2  and  '3: 


Prototype  1  Prototype  2 


Loom  TiOe 
Opbctf  Ffewra 


GWvantzw)  Stmt 

Centra  MotM> 
Potywffrytene  Jack* 

A»  Cam 


Figure  2:  Metallic  messenger  designs. 


Prototype  3  Prototype  4 


Figure  3:  A1 1-d ie 1 ec t r i c  designs. 
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As  there  are  several  variables  which  may  be 
specified  regarding  not  only  fiber  buffer 
but  central  member  and  filling  option,  an 
attempt  was  made  to  incorporate  all  of  these 
features  within  the  prototypes: 


MeSSeHler 

Fiber  3u::*r  : 

-eiitr-ii  Member 

K 1 1 1 1  r:j£  Option 

Stee  1 

duller 

nr 

Filled  i  .'re 

Stee  l 

;...s'se  Tube 

>:eel 

Air  L.'re 

!  FRP 

Tt<bt  Suiter 

Air  i-’re 

|  nr 

Tube 

KR? 

Air  'ore 

B .  Design  and  Manufacturing  Philosophy 

1.  Core .  Although  most  optical  cable 
activity  in  this  country  is  of  the  loose 
tube  design,  there  is  no  reason  not  to 
consider  tight,  ~ buffer  for  evaluation  in 
these  designs.  In  fact,  in  the  present 
work,  the  tight  buffer  cable  was  designed 
first  as  a  result  of  specific  customer 
interest.  A  hypothetical  advantage  of  loose 
tube  cable  is  that  with  the  excess  fiber  of 
this  design  the  allowable  system  strain  is 
usually  greater.  Referring  back  to  our  sag 
and  tension  discussions  we  can  see  that 
greater  spans  could  be  expected  in  theory; 
however,  if  we  agree  to  limit  span  length  in 
order  to  minimize  high-amplitude  wind 
motion,  tiiis  potential  advantage  is  of 
little  importance. 

The  central  member  serves  as  an 
anti-buckling  device  for  the  fibers  and  does 
not  provide  design  strength,  this  function 
being  allocated  to  the  messenger 
exclusively.  Thus  the  choice  of  central 
member  material  relates  to  the  preference 
for  dielectric  or  non-dielectric  core  rather 
than  a  load-bearing  decision.  The  influence 
upon  cable  weight  and  total  cost,  however, 
may  be  ancillary  consider.it  ions  in  material 
cho  ice . 


Hie  core  wrap  in  these  prototypes  was 
chosen  with  the  objective  of  coupling  the 
movement  of  the  cabled  fibers  in  t ho  core  to 
that  of  the  outer  jacket.  Due  to  tem¬ 
perature  changes  and  load  variations  in  the 
cantenary,  length  changes  of  a  few  tenths  of 
a  percent  in  the  messenger- jacket  system 
will  be  inevitable  in  actual  service.  Due 
to  the  cabling  helix  factor,  however,  this 
change  will  not  necessarily  directly  trans¬ 
late  into  fiber  strain.  What  can  occur  when 
the  core-to-jacket  relative  motion  is  high 
is  a  possibility  of  fiber  bend  at  the  splice 
closure  location  over  a  few  millimeters 
radius  of  curvature,  resulting  in 
t  r.insmiss  ion  loss.  This  phenomenon  w^ 
documented  by  ishihata,  et^  a_l  .  ,  in  1984. 
these  researchers  found  an  improvement  in 
optical  field  performance  in  aerial  cable 
when  the  friction  iorce  between  the  sheath 
and  the  core  was  increased.  Our  approach  in 


this  vein  was  to  use  a  core  wrap  consisting 
of  a  nylon  weave  base  covered  on  both  sides 
with  neoprene  rubber.  Although  already 
vulcanized  prior  to  cable  processing,  the 
neoprene  wrap  in  the  unfilled  cable  bonded  to 
itself  at  the  helical  overlap  areas,  thus 
forming  a  sealed  tube.  Among  advantages 
which  may  result  from  this  feature  is  the 
fact  that  there  is  no  tendency  for  the  tape 
overlap  to  either  gap  or  to  rub  against  the 
fibers  or  tubes  during  any  sheath  strain. 
Due  to  jelly  seepage  at  the  overlap  in  the 
filled  version,  this  feature  is  more 
difficult  to  achieve  in  the  filled  design. 

This  brings  us  to  the  choice  between 
filled  and  unfilled  core,  a  decision  which 
may  be  determined  by  the  user's  total  system. 
If  splice  and  termination  points  can  be 
adequately  secured  against  water  ingress,  our 
preference  would  go  to  an  unfilled  core. 
Historical  avoidance  of  filled  cable  in 
aerial  plant  can  be  understood  given  the 
unpredictability  of  temperature  extremes  and 
the  handicap  of  additional  weight  in  the 
span.  Additionally,  friction  between  c.»n- 
and  sheath,  an  advantage  discussed 
previously,  is  enhanced  by  the  absence  .<! 
filling  compound . 

J .  Messenger  --  Metallic  Design .  The 
messenger  selected  for  this  design  will  be 
familiar  to  users  of  twisted  pair  Figure-8 
cable  in  the  various  telephone  systems  in  the 
T.S.  This  member  is  a  7-wire,  1/4-inch  extra 
high  strength  grade  galvanized  steel  strand 
conforming  to  ASTM  A  640.  The  strand  is  fully 
flooded  with  an  asphaltic  flooding  compound 
which  has  long  been  accepted  by  the  industry 
as  being  compatible  with  polyethylene  jack¬ 
ets. 


The  1/4-inch  messenger  size  was  chosen 
because  of  its  availability  as  a  "standard" 
material  and  the  familiarity  it  would  enjoy 
to  those  users  already  experienced  in  placing 
Figure -8  cable.  In  some  installations,  the 
size  could  be  said  to  exceed  the  need  for 
supporting  a  cable  which  weighs  only  0.3 
kg/m,  almost  three-fifths  of  which  is  the 
messenger  itself.  Theoretical  spans  of  many 
hundreds  of  meters  are  possible  under  some 
loading  conditions,  although  lesser  spans 
will  probanly  be  chosen  as  a  precaution 
relative  to  vibration.  A  definite  advantage 
of  the  high-strength  messenger  is  that  it 
permits  a  large  initial  stringing  tension 
that  acts  to  dampen  wind-induced  motion  and 
to  lessen  storm-related  sag. 

3 .  Messenger  —  Al 1- Die lec t r ic  Design . 
There  is  growing  interest  in  aerial  fiber 
optic  cable  which  can  he  strung  without 
concern  for  grounding  or  induced  voltages  in 
metallic  components.  Heretofore,  a  drawback 
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oi  utilizing  an  KRP  strength  element  was 
the  inability  to  couple  the  tension  applied 
to  the  FRP  to  the  polyethylene  jacket 
surrounding  the  messenger.  Without  such  a 
couple,  jacket  slippage  or  even  tearing 
could  be  expected.  As  part  of  this  cable 
project,  a  method  of  obtaining  a  thermo¬ 
chemical  bond  between  an  FRP  messenger  and 
its  protective  jacket  was  developed.  It 
has  been  determined  that  the  full  rated 
breaking  strength  and  Young’s  modulus  of 
the  FRP  can  be  obtained  when  clamps  are 
applied  over  a  P.E.  jacket  bonded  in  this 
manner  to  the  underlying  rod.  For  a  first 
design  an  8.0  mm  FRP  messenger  was  chosen, 
permitting  spans  in  excess  of  150  meters  in 
heavy  loading  districts.  A  future  design 
will  offer  a  smaller  diameter  rod  for  less 
severe  installations. 

4.  Jacket .  The  long-standing  materi¬ 
al  for  twisted  pair  Figure-8  cable  jacket 
is  conventional  telecommunications  grade 
low-density  polyethylene.  This  material 
should  perform  equally  well  in  fiber  optics 
applications.  For  our  trials,  however,  we 
utilized  linear  low-density  P.E.  as  the 
sheath  material.  We  recognized  the  growing 
interest  in  LLDPE  as  jacket  in  more  cable 
applications,  and  we  wished  to  evaluate  our 
extrusion  tooling  on  what  is  the  more 
challenging  compound  from  a  process 
viewpoint.  It  is  known  that  compared  to 
conventional  low-density  P.E.,  linear  low 
reacts  more  adversely  to  extrusion  in  a 
high-shear  situation.  Process  through  the 
complex  dual-land  tip  and  die  of  the 
Figure-8  extrusion  tooling  presented  such  a 
potential  situation.  The  core  is  covered 
in  a  tube-extrusion  of  low  draw-down  ratio, 
optimizing  a  balance  between  minimal 
residual  stress  in  the  jacket  over  the  core 
and  avoiding  jacket  pressure  on  the  fibers. 
In  the  same  die,  the  integral  messenger  is 
coated  by  pressure  extrusion  which  forces 
the  jacket  tightly  into  the  interstices  of 
the  steel  strand  to  torm  a  gripping  action 
between  messenger  and  jacket  which  is 
considerable.  The  quality  of  the  jacket 
over  core  and  messenger  was  excellent, 
confirming  that  either  type  of  low-density 
P.E.  is  feasible  for  this  design. 

The  nominal  jacket  wall  thickness  over 
both  core  and  messenger  is  1.3  mm  (0.051 
inch).  Heavier  walls  .ire  avoided  in  this 
design;  the  resultant  larger  diameters 
would  not  only  be  non-functional,  but  would 
present  a  greater  surface  for  ice  and  wind 
loading  as  well  as  add  to  basic  cable 
we ight . 

Web  dimensions  were  chosen  with  the 
height  slightly  greater  than  the  width  to 
permit  comfortable  passage  of  a  web 
slitting  tool . 


I  V .  Test  Results 

Based  on  the  foregoing  design  philosophy, 
prototype  cables  were  manufactured  in  2  km 
lengths  and  subjected  to  the  evaluation 
described  below.  A  series  of  three  tests  was 
designed  to  simulate  the  field  performance  of 
each  cable  design. 

A.  Galloping  —  Metallic  Messenger 

In  order  to  simulate  galloping,  150-loot 
spans  of  cable  were  strung  at  343  lb.  ten¬ 
sion,  supported  in  the  center  by  a  three 
bolt  clamp  rigging.  Each  end  of  the  cable 
was  terminated  by  a  helical  dead  end  grip 
secured  around  the  messenger.  The  messen¬ 
ger  was  separated  from  the  core  and  strip¬ 
ped  of  the  P.E.  jacket.  Sufficient  extra 
core  length  was  provided  to  allow  tension- 
free  connection  to  the  optical  measurement 
equipment.  Forced  oscillation  was  induced 
near  one  end  of  a  span  and  tuned  closely  to 
the  natural  frequency  of  the  span.  Os¬ 
cillation  was  monitored  and  controlled  only 
in  this  first  span  due  to  imperfect  trans¬ 
mission  through  the  node  forced  at  the 
three  bolt  clamp.  The  resultant  galloping 
conditions  for  each  cable  are  outlined  in 
Table  2 . 


Design 

Frequency 

Amplitude  j  i 

Wave  length 

"  Cycles 

T.B. 

1.9  Hz 

36  in  t  3 

75’ 

73, i2b 

L.T. 

:.o  Hz 

36in  t  3 

75* 

lOO.OuO 

Table 


Both  designs  exhibited  no  measurable  loss 
increase  at  1 .  3  urn  through  six  concatenates 
fibers  throughout  the  stated  number  oi 
cycles.  In  addition,  the  tight  buffered 
fiber  design  was  measured  also  at  1.5..m, 
where  again  no  loss  increase  was  observed. 
Note  that  this  test  was  stopped  premature¬ 
ly.  This  is  due  to  failure  of  the  messen¬ 
ger  wire,  which  testifies  to  the  extreme 
severity  of  the  test. 

1.  All -Dielectric  Design.  The  same 
apparatus  was  used  to  force  galloping  in 
the  all-dielectric  design.  Tensioning 
parameters  were  identical.  This  test  was 
run  subsequent  to  the  metallic  cables  and 
it  had  been  decided  that,  since  the  core 
designs  themselves  had  proven  stable  under 
galloping,  only  tine  ol  the  newer  cables  (it 
happened  to  be  the  loose  tube)  would  be 
tested,  basically  to  evaluate  the 
durability  of  the  bonded  KRP  messenger. 

One  of  the  purposes  of  this  testing 
program  was  to  gain  the  knowledge  for 
potential  cable  users  regarding  the  best 
way  to  treat  the  FRP  messenger  at 
termination  and  suspension  points, 
particularly  whether  the  jacket  should  be 
stripped  and  hardware  applied  to  the  rod  or 
il  the  hardware  could  be  applied  over  the 
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jacket.  Therefore,  the  tests  were  varied  in 
the  following  manner: 


lest  Period 

twclesi 

' 

Application  ot 
Suspension  Clamp 

Application  ot 
Dead-Ends 

1  :-bo,-.n)o 

Over  jacket 

Over  jacket 

j  5 1  ,o  -j.imo 

Over  jacket 

On  bare  rod 

i 

(strip  jacket i 

1  10 1-11)0,000 

On  bare  r'd 
i strip  jacket) 

On  bare  rod 

The  messenger  rod  showed  no  evidence  of  wear 
at  any  span  point,  independent  of  whether 
hardware  was  applied  over  the  jacket  or 
directly  to  the  rod.  With  continuous 
monitoring  at  1.3  and  1.5  ,  there  was  no 
measurable  attenuation  change  during  the  14- 
hour  galloping  period. 

B .  Cyclic  Tension 

The  effects  of  wind  and  ice  loading  were 
simulated  through  a  cyclic  tension  test.  A 
9.5m  cable  sample  was  supported  horizontally 
and  terminated  with  helical  dead-ends.  Load 
was  applied  as  shown  in  Figure  4. 


Figure  4.  Representation  of  the  Cyclic  Ten¬ 
sion  test. 

Attenuation  as  a  function  of  load  was 
monitored  at  1.3  and  1.5  to  a  maximum 
3345-pound  load.  “The  comparative  relevance 
of  this  load  for  the  two  messengers  is: 


3343-Pound  Applied  Load 


Messenger 

of  Rated  Break 

Resultant 

Type 

Strength  (RBS) 

Cable  Strain 

1/4"  K.H.S. 

Stee  1 

50 

0.46 

8.0mm  FRP 

0.69 

The  load  was  then  oscillated  at  approximate¬ 
ly  3  cycles/minute  for  35  minutes  between  0 
and  3345  pounds.  No  attenuation  increase 
was  observed  in  any  cable  sample  through 
four  concatenated  libers.  To  further  test 
the  cable  performance,  the  tension  was  held 
at  3345  pounds  for  30  additional  minutes  and 
the  cable  then  subjected  to  five  final 


cycles.  No  loss  increase  was  observed.  The 
jacket  over  the  steel  messenger  was  stripped 
to  accommodate  the  dead-ends  in  accordance 
with  common  practice.  The  jacket  over  the 
messenger  in  the  tight  buffer  FKP  design  was 
stripped  for  the  dead-end  while  the  helical 
grip  was  placed  over  the  jacket  in  the  loose 
tube  FRP  design,  seeking  out  any  disadvantage1 
to  either  method  of  terminating.  Differences 
in  load  maintenance  and  messenger  durability 
could  not  be  distinguished. 

C.  Temperature  Dependence  of  Attenuation 

As  a  final  optical  test,  the  temperature 
dependence  of  attenuation  for  all  Figure-8 
designs  was  measured  through  the  range  of 
-40°C  to  +70°C.  There  was  no  measurable 
attenuation  change  at  1.3  or  1.55  through 
links  of  six  concatenated  fibers  Hin  either 
cable . 


V .  Conclusions 

Kigure-8  fiber  optic  cables  were  evaluated 
in  a  simulated  extreme-case  aerial  scenario.  No 
attenuation  increase  was  detected  even  in  test?, 
which  destroyed  state-of-the-art  installations. 
The  results  of  this  work  are  very  encouraging 
for  the  future  of  this  new  concept  in  fiber 
optic  cable  design. 
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ABSTRACT 

The  process  of  optimizing  the  construction  of  a  metal-free  self- 
supporting  aerial  optical  fibre  cable  is  described  This  is  mainly  based 
upon  study  of  requirements  and  monitoring  field  installations  Starting 
with  the  theory  of  cable  elongation,  practical  cables  are  designed 
Materials  are  selected  based  upon  practical  experience  Several 
important  production  processes  of  the  cable  are  highlighted 

Results  of  laboratory  tests  are  presented  dealing  with  mechanical 
behaviour  and  electrical  stress  mechanisms  The  cable  installation  is 
described  and  results  of  6  years  of  monitoring  field  installations  are 
presented  Finally  all  results  are  discussed  and  conclusions  on  the 
product  application  are  drawn 

1.  INTRODUCTION 

The  application  of  metal-free  self-supporting  aerial  optical  fibre  cahm 
in  high  voltage  networks  has  increased  substantially  during  the  last 
few  years 

Several  cable  designs  have  been  developed  utilizing  different  mater. ai* 
and  constructions  This  paper  describes  our  theoretical  and  practical 
experience  to  obtain  an  optimized  cable  construction  with  long-term 
reliability 

In  the  process  of  optimizing  the  cabie  construction  a  continuous  qualify 
improvement  loop  was  followed 

•  Study  of  theoretical  and  practical  requirements 

•  Establishment  of  cable  design  including  the  selection  ot  maten.us 

•  Production  of  the  cable  under  stringent  process  control 

•  Cable  verification  tests  on  laboratory  scale 

•  Monitori nq  of  field  installations  to  gather  practical  data 

•  Evaluation  of  this  information  which  may  lead  to  alterations  m  tn.> 
requirements  and  o»  improvements  of  the  cable  design 

The  cable  consists  of  stranded  loose  tubes  protected  by  an  inner 
sheath.  high  modulus  iHMi  aramide  yarns  as  strenght  members  and  a 
protective  high  density  polyethylene  1HDPE1  outer-sheath  (figure  t  t 


Metalfree  aerial  optical  fibre  cable  with  8  fibres 

HOPE  Outer  sheath 
aramrde  yarns  strength  member 
,  PE  inner  Sheath 

watc-fhiocking  compound 
core  co-  ering 
•  central  element 
optical  fibre 
filling  compound 
•  -  secondary  voating 


2.  CABLE  DESIGN 
2.1  Theory  of  cable  elongation 

Durmq  the  full  life  time  of  an  aenai  cable  a  tensile  force  will  he  present 
m  the  cable  This  tensne  force  causes  a  certain  cable  elongation 
The  mam  feature  m  the  d  *sigri  o*  optical  aerial  cables  is  to  control  this 
inevitable  cable  elongation 

For  a  given  optical  aeri;  I  cable  the  ,u  tu.u  elongation  is  the  sum  of 

1  a  constant  elongation  which  depends  on  the  span  the  sag  the 
weight  and  the  mechanical  strength  of  the  cable 

2  a  variable  elonqafron  which  depends  on  fh<*  environmental  conditions 
such  as  wmd  velocity  tee  load  and  temperature  variations 

3  Creep  of  the  strength  members  caused  by  the  tensile  *orce  m  the 
cable 
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The  constant  elongation  rf\  •  'S  demed  Iron'  the  p.-'hng  t0n 
.in  aerial  cable  which  can  be  cak  ul.lted  ben- 


it  • 


Fc 


L  *  W0 
8  *  S 


This  formula  is  valid  only  if  the  saq  <  S '  is  very  small  company  to  the 
span  iL  i  and  m  the  case  o*  equal  pole  heiqhts  Wo  ■*  the  weight  o*  the 
cable  per  unit  of  length 
The  cable  elongation  if  c  i  follows  bom 

,  Fc  L  *W0 

c  AE  AE  «  8  *  S 


The  product  AE  represents  the  mechanical  strength  ot  the  aoo.il  cable 
and  is  composed  of  thp  cross-sectional  area  i  A  i  and  the  modulus  of 
elasticity  i  E  i  of  the  strength  members  of  the  cable 


.  <mf,j«  !  Im'Ia.'i-ii  *r  . « r i ■ ; 

•mpoMuie  Wln-n.  .*  I  •  eil.m  t-rpev  ■  <*  *.e ••  •  i  5*  *  !  >•  a  *’  e  -p* 

•»{*!■<  ification  in  ((.*•  ’S5Unm  r-rjion  m- 

Ni  >  tn-,|i  *t I *f •  -  -st*  tin  ir*>p!.»  s  hi. -re  •  *.  • 

•  .t  (  ef  tam  >  ati»»*  »•.'.!  if  I  Itir»u  *  .11-  :  ,•  .1  1-iti  f  {.».  i?  ■ 

«*. always  tie  ■  .it  -  ••'I*ni.).i!-jr-.  ■  i  ,n  .  [  t  , 


One  yr  the  vV*-*'  KhnW"  pnss.|.  nt-.-v  !<>  r*  .i.  :  *  r  *  • .  <  r  •  j  *  -  ••  ci  ri  • ; .  i  * 

f,  •  -S  stranding  loose  tubes  *•*•!*«  ,fy  A  ,  ,  erf.i  r  p  i » .  f  { 
Tt«,>  amm.ivt  ■>*  *•*<  **ss  f»bre  u  pie  t  .nvs  f  »»  it, 

important  *.u  tor  vvhn  n  «-J»-tt-rm.nes  !»'e  alio/,  able  'nr  c.afa*-  . - . <  > ' . - ;  i 
This  iS  'ti.i'M1,  regulated  duOnq  !h»  *•»’». .Sion  profess  Of  the  ^)'iv 
tilt.H'S 

Combinin';  O'e^e  two  <  u. tors  obtain  the  expression 


( 


1  no'"  ’ 


Temperature  variations  (AT  i  change  the  unloaded  cable  length  wth  a 
♦actor  »fVcAT  1  )  The  sag  changes  <mo  thus  the  mechanical  strain  f( 
changes  to  6,  The  resulting  strain  will  he 

eT  6t  •  ac  AT  •:?. 

m  which  Ofj.  is  the  thermal  coefficient  of  expansion  of  the  cable  Th>s 
depends  upon  the  coefficient  of  expansion  and  mechanical  strength  of 
the  various  construction  elements 


Wind  and  ice  load  cause  an  effective  weiqht-mi_r**use  ol  bv  rahi«*  lee 
increases  the  weight  of  a  cable  bv 

W,  V,  *q  •  4  i 


ip  which  W'  weight  of  >ce  per  umt  o<  length 
Mi  mass  of  ice  pt?r  unit  of  length 
g  acceleration  of  qr.Kify  .  98<m  s  ■ 

Wind  causes  a  iransverse  pressure  '  Pw  »  which  can  be  calculated  from 
the  wind  ve/oofy  r  v  i 


P«  C**0  5  «Pa*.  -8 

P  t  specific  mass  of  air  i  1  23  Kg  m  ■ 

Cw  shape  factor  «  1  1  for  a  round  cable  at 

common  wmd  velocities  i 

The  wmd  force  per  unit  o*  lengtn  iFwi  is 

pw  pw*Ab 

Ap  the  surface  area  per  unit  of  length 

Requirements  for  both  the  radial  thickness  Of  *ce  id,  >  and  the  wmd 
pressure  i  Pyy  ’•  are  standardised  m  national  and  international  specifica¬ 
tions 

Following  the  United  States  standard  NE-SC  we  have  the  demands  tor 
ivy  loading  conditions 


■* ,  12  5  mm  <  0  5  inch  ( 

Pyv  f 90  N  m  I  4  'bs  ft  * 

Additionally  NESC  describes  extreme  wmd  loading  of  tali  structures 
eedmg  18  m  1 60  ft)  up  to  1400  N  m  i  30  lbs  ft  i 


m  which  »noni  and  »min  ate  the  i.idms  of  Uif  bore  spu. u  m  nomm, i 
position  and  when  the  libre  has  reached  the  inner  wall  of  the  tub** 
respt*ctivei  y  By  red  in.  m  }  the  pitch  p  we  enlarqe  the  maximum  allowable 
cablt  elongation 

The  fibre  bendi  .q  radius  i  present  due  to  the  spiral  form  pf  pie  '  br»- 
wli  however  decrease  by  reducing  the  p  tc  h 

This  tihre  hondmq  radius  has  to  be  enoosen  withm  bounderies  set  by 
hoth  mechanical  *. bending  the  fibre  induces  stress i  and  optical 
properties  (bending  the  fibre  can  cause  macro-hemjinq  <n  the  1550  nm 
region  1 

The  optical  aerial  cable  design  is  always  a  harmony  of  the  minimum 
amount  o1  strength  member  which  determines  the  maximum  practical 
cable  elongation  and  a  minimum  bending  radius  for  mo  fibre  which 
determines  the  maximum  free  cable  e'onqafion 

2.2  Practical  cable  design 

Bused  upon  me  formulae  given  above  a  dedicated  computer  program 
nas  been  developed  to  calculate  very  accurately  the  number  of 
Strength  members  necessary  to  alt  the  requirements  Th<s  enables 

.in  optimised  cable  ■•esiQn  to  smt  the  Customers  demands 

Customer  demands  may  include 

•  Maximum  cable  span 

•  Maximum  sag  after  installation  i  normally  2-4  '-  >  including  a  certain 
minimum  clearance 

•  Maximum  wind  and  ice  load  according  to  NESC  or  other 
i  inter  mahonai  standards 

•  Trie  number  of  optica-  fibres  resulting  in  a  certain  design  for  the 
cable  core 

•  Maximum  allowable  cable  tension  To  protect  tower  constructions 
against  overloading  a  maximum  allowable  cable  tension  may  t'i- 
specified  Limiting  the  cable  tension  implies  or  allowing  more  sag 
limiting  the  cable  span  to  certain  values 

Some  other  data  required  to  perform  the  calculations  are 

•  Cable  mass  This  figure  is  influenced  by  the  number  of  aramide 
yarns  itself  but  is  mainly  determined  by  the  mass  of  the  cable  core 
including  the  inner-sheath  and  the  outer -sheath 

•  Material  properties 

•  Maximum  aNowahk.  cable  elongation  to  prevent  axial  fibre 
elongation  This  results  r  tor  a  given  <  able  design  i  m  a  maximum 
operating  tensile  force 


The  total  resulting  force  Ej  follows  from 


r’  \  ■  W,. 

and  replaces  W()  »n  formula  M  >  to  calculate  the  resulting  tensile  force 
f  i  i  and  the  total  (  able  elongation  (,  takinq  into  account  that  the 
sag  will  increase  due  to  wind  pressure  or  ice  loading 


The  cable  core  is  standardised  at  6  8  or  12  tubes  which  each  contain 
1  or  more  optical  fibres  Either  singlemode  or  multimode  fibres  can  bo 
included  in  the  cable 

The  pitch  of  the  lay-up  of  !he  loose  tubes  is  choosen  depending  on  the 
demand  for  free  cable  elongation  and  maximum  allowable  hendmq 
radius  of  the  fibre 


To  restrict  the  cable  elongation  to  an  acceptable  level  w*>  have  to  apply 
strength  members  wdh  a  htqh  modulus  of  elasticity  m  combination 
with  a  'ow  specific  mass  to  keep  the  cable  weight  iow  (formula  2i 
Ne  .urthelpss  elongation  of  aerial  cable  «s  inevitable 

One  of  our  basic  criteria  is  however  to  avoid  any  axial  fibre  strain  for 
ail  loading  conditions  o<  the  cable  This  condition  will  limit  the  mech 
inn. at  fibre  stress  and  prevents  micro  bending  caused  by  physical 


A  completely  custom-made  cable  can  be  designed  according  to  the 
mechanical  demands  and  the  optical  characteristics  of  the  customers 
favourite  fibre 

As  an  example  fable  1  summarises  some  important  data  of  three 
different  cable  tyocs  with  6  8  and  24  tibres  respectively 
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Table  1 


3.1  Technical  performance  of  materials 


Calculated  data  tor  three  types  ot  metal-free  aerial  optical  tables  3.2.1  Choise  of  strength  members 


Cable  type  A  B  C 

Fibre  type  MM  MM  SM 

Number  of  fibres  6  8  24 

Number  of  loose  tubes  6  8  12 

Attenuation  at  1300  nir  .  dB  km  i  0  6  0  5  u  4 

at  1  550  nm  'dB  knu  U  .5 


The  effective  elasticity  modulus  of  high  strength  quss  filaments 
bonded  in  hot  Cunnq  rosins  iFRP.  is  about  50  hN  mm  Tn»_. 
specific  mass  is  about  2000  kg  m  The  stiffness  and  the  complete  -a«.  k 
of  relaxation  of  sued  elements  permanently  maintains  bending  and 
torsion  stresses  and  makes  this  material  sensitive  to  fatigue 
Depending  upon  the  type  of  glass  filaments  <E  R  and  S-giassi  these 
materials  are  varymqly  sensitive  to  attack  by  add  ram 


Overall  cable  d<amter  .mm  >  o  if.?  4  t  •'  6 

Cable  mass,  kg  km  i  t  iv*t  26  u 

Elective  cross  section  o’  aramide 

yarns  nir  i  0-  3:'  4*- 

Span  .m  f*  36-'  ^3!i  3S1  ’  *  >*'  1r’n.’-<v5i 

Nominal  sag  . 

Maximum  wmd  pr*-ss..re  .  N  m  7  0c  '■..■i.i  2240 

Every  Day  Stress  .  EDS  nomm.». 

ioad  kN1  2.  4i 

Maximum  Operating  Stress  MOh  kN’  9  -•  ’  1  .V'  .5 

Maximum  Allowable  Stress  MAS-  *N  16  c  ’4-  .  04 

Ultimate  Tensile  Stress  UT$i 

breaking  load  i  kN  i  tv  6  v’ 

Cabie  e'ongation  at  max'm,,m 

operating  stress  .  ‘  1  '  >  0  5  0  4-’ 

Axial  t.hre  strain  at  maximum 

operating  stress  1  i  *'one  non.  nur*e 


Tne  difference  betwe»’n  th».  h»-e  r  able  esungation  and  the  cable 
mongation  at  maximum  :oad  has  to  be  mast  0  2-.  taking  mio 
account  the  long-term  creep  of  the  aiam.de  yarns  the  variation  m 
excess  fibre  length  m  0'**  oose  tutu*  and  mg. a-  cable  elonaaWm 


Figure  2  dues  the  cable*  e.pngation  and  cabie  f.-nsion  as  a  furxt.on  of 
span  and  sag  tor  two  types  o*  ami ai  ..If*-  Depend. ng  upon  the  sag 
spans  upto  600  m  '200b  ft  ■  can  t>-  n.-ac hod  for  these  particular  i  abies 


For  aramide  yarn  filaments  the  elasticity  modulus  is  100  kN  mm  and 
the  specific  mass  is  only  1450  xq  mm 

Compared  with  the  FRP  strength  member  the  cable  elongation  weight 
and  diameter  will  be  reduced  by  using  aramide  yarns  We  only  have  to 
compress  and  pre-stress  the  aramide  yarns  to  obtain  a  flexible  load 
bearing  element  combining  highest  possible  strength  with  smallest 
possible  fatigue  and  resi’iance  to  acid  rain 

3.1.2  Behaviour  of  materials  at  high  and  low  temperatures 

Aerial  cables  are  exposed  to  much  more  extreme  temperature 
variations  than  any  other  cable  type 

Looking  at  the  direct  influence  of  temperature  variations  to  the 
materials  characteristics  we  summarize  as  follows 

element  -45  C  ■  49  F  i  •  85  C  <  •  185  Fj 

1  fibre 

2  central  element 

3  aquagei  tube  filling 

4  tube  material 

5  core  filling 

6  inner -sheath  PE 
r  aramide  yarns 

8  outer-sheath  HDPE 

Ad  1  Attenuation  me 'ease  ot  the  bare  fibre  .independent  of  cable 
design  r  at  -45  C  0  05  dB  km  at  1300  nm 

ad  3  Commonly  used  ge!  has  a  too  high  viscosity  below  -30  C 

Below  this  temperature  other  'known  i  compounds  are  used 


ad  5  This  material  has  a  drop-pomt  of  up  to  120  C  (250  F  i 

3.1.3  Temperature  variations  and  cable  expansion  contraction 

An  installed  aerial  optical  cable  encounters  temperature  variations  of 
about  100  C  Thanks  to  the  low  thermal  coefficient  of  expansion  of 
aramide  yarns  in  combination  with  the  high  modulus  of  elasticity 
-table  2 1  the  cable  expansion  will  be  dominated  by  the  aramide  and 
thus  be  very  low 

A  completely  different  situation  exists  during  low  temperature  storage 
on  drum  The  aramide  yarns  cannot  absorb  any  axial  compression 
forces  The  fibre  reinforced  plastic  iFRPi  central  strength  member  acts 
as  thermal  spimt 

Table  2 

Thermal  coefficient  )f  expansion  i  Of,  '  and  modulus  of  elasticity  <( ,  1 
of  cable  elements 


3  MATERIAL  SELECTION 

Thi-  selection  of  materials  has  been  performed  on  the  basis  of  two 
mam  criteria 

a  Technical  performance 
b  Long  term  stability  and  aging  resistance 


cable  element 

material 

thermal 
coefficient 
of  expansion 
.  10- * K-  1 

modulus 

of 

elasticity 

i  k N  mm-  i 

central  strength 
member 

FRP 

T.  0 

50  (25  at 
compression 

stranded  tubes 

Polyester 

80 

1  4 

inner  sheath 

PE 

150 

0  45 

Strength  members 

aranntle 

yarns 

-  3  0 

100 

outer  sheath 

HDPE 

150 

0  6 
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We  can  calculate  the  thermal  coefficient  of  expansion  of  the  cable 
iQfc  i  from 


Da.  Ei  * 
De.  a, 


19) 


Every  cable  type  has  a  different  thermal  coefficient  of  expansion 
because  the  surface  areas  are  different 
For  cable  type  A  i  table  1 1  we  get 


in  the  case  of  installed  cable  (tension  on  aramide  yarns) 

Qfc  0  68  *  10-'  K-  thigh  and  low  temperature  after  installation) 

in  the  case  of  cable  stored  on  drum 


62  *  t0-‘  K  ‘  (low  temperature  storage) 

After  installation  the  cable  elongation  and  contraction  due  to  tempera¬ 
ture  variations  from  -30'  C  to  *  70‘  C  will  be  0  00 7 ^ 

During  storage  on  drum  cooling  down  to  -40  C  will  give  0  37°c 
contraction 


Therefore  we  assume  that  a  relative  humidity  of  about  95°^  can  occur 
m  the  cable  core  although  the  HDPE  outer-sheath  has  a  very  low  water 
permeability  and  the  loose  tubes  and  the  interstices  are  completely 
filled  wifh  jelly  compound 

Thus  m  order  to  ensure  a  long  working  life-lime  measures  must  be 
taken  to  minimize  fibre  stress 

This  is  achieved  with  stranded  loose  tubes  which  results  in  a  certain 
free  cable  elongation  (cable  elongation  without  fibre  elongation  )  By 
stranding  the  loosely  buffered  fibres  the  fibre  is  bent  with  a  certain 
radius  which  does  stress  the  fibre  surface 

To  prevent  inadmissible  stresses  the  bending  radius  of  the  optical  fibre 
has  to  be  never  less  than  58  mm 

With  this  criterion  fibre  stress  is  limited  to  0  077  GPa 

This  is  the  limit  necessary  to  obtain  a  30  year  life  expaciancy  of  the 

fibre 

Due  to  optical  requirements  in  the  1550  nm  region  this  bending  radius 
will  be  larger  in  most  practical  applications 

3.2.2  Long  term  mechanical  properties  of  twisted  aramide  yarns 


Formula  i9i  is  valid  only  if  the  differences  in  the  thermal  coefficient  of 
expansion  of  the  cable  and  the  components  will  not  result  in  any 
shifting  between  the  layers  The  static  coefficient  of  friction  wilhin  a 
length  of  cable  has  to  be  larger  than  the  force  arising  from  fhe 
differences  in  expansion 

During  storage  on  drum  and  cooling  from  20  C  to  -40  C  the 
minimum  friction  stress  between  the  loose  tubes  and  the  central 
element  (calculated  for  a  10  m  cable  length  i  has  to  be  at  least  8  6 
*  10-'  N  m-  fo  prevent  shifting 
Practical  values  are  m  the  order  of  50  *  10*  N  m- 

After  cable  installation  the  minimum  friction  stress  between  the 
aramide  yarns  and  the  outer-sheath  for  a  10  m  length  has  to  be  3  0  * 
10*  N  m-  This  is  much  lower  than  the  practical  values  for  this  friction 
stress 

3.2  Long  term  stability  of  materials 

3.2.1  Determination  of  the  maximum  allowable  fibre  stress  level 

The  life-time  of  an  optical  fibre  is  determined  by  the  stress  level  in  the 
fibre  and  the  amount  of  moisture  relative  humidity  i  present  at  the 
surface  of  the  fibre  i  fig  3i 

Obviously  the  metai-free  aerial  cable  does  not  contain  a  metallic 
moisture  barrier 


Life-time  of  optical  fibres  as  a  function  of  the  mechanical  load  and 
the  relative  humidity  { R.H. ) 


Creep  properties 

From  literature  (7  8)  it  is  known  that  the  maximum  c'eep  strain  of  HM 
aramide  yarns  at  a  constant  loading  of  50°o  of  the  ultimate  tensile 
strength  (UTS'  is  0  1 1°0  during  a  hte-nme  of  30  years  Practical  values 
of  the  every  day  stress  ( EDS  I  are  only  about  5°©  of  UTS 

Time  to  failure 

The  time  to  breakage  of  aramide  yarns  depends  upon  loading  By 
keeping  the  static  loading  below  50*c  of  UTS  a  life  expectancy  of 
about  100  years  can  be  reached  In  aerial  optical  cables  the  loading 
will  always  be  dynamic  tor  which  reason  a  value  below  1  3  of  UTS 
below  1  3  of  elongation  at  breakage  is  chosen  as  the  maximum 
working  stress 

UV  aging 

The  high  strength  and  weather  resistant  HOPE  outer-sheath  protects 
the  aramide  yarns  from  direct  sunlight  specifically  from  UV-radiation 

3.2.3  Outer-sheath  material 

The  outer-sheath  material  has  to  be  resistant  agamst  wheafhcnng  UV 
radiation  acid  ram  and  the  influence  of  electric  fields  We  have 
selected  a  black  weather  resistant  HDPE  compound  according  to 
ASTM  D  1248  Grade  W8  combining  important  features 

•  High  mechanical  strength  i  tensile  Strength  about  20  N  mm 

i  2800  psi  i  Spirals  used  for  installation  purposes  are  damped 
directly  over  the  outer-sheath  and  transfer  all  the  cable  tension 
The  b.qh  strength  o<  the  sheath  guarantees  t  xcellent  performance 
of  the  cable  when  exposed  to  extreme  loading  conditions 

•  Very  low  water  permeability 

•  Carbon  black  content  to  protect  against  material  aging  caused  bv 
UV  radiation 

•  High  thermal  stress  cracking  resistance  to  protect  against  thermo- 
oxidative  attack 

•  Resistance  against  corona  and  tracking 

Other  outei  -sheath  materials  like  some  specially  developed  compounds 
with  lower  surface  resistance  to  increase  the  tracking  prevention  were 
not  selected  as  they  do  not  satisfy  the  requirements  of  ASTM  D  1248 
Grade  W8  concerning  the  mechanical  strength  (the  tensile  strength  of 
these  compounds  is  about  10  N  mm  i  1500  ps<  i 


4.  CABLE  PRODUCTION 

To  reach  good  mechanical  and  optical  characteristics  all  production 
processes  must  be  controlled  very  carefully  The  mam  processes  an 

•  Extrusion  of  the  loose  tube  with  controlled  fibre  excess  length  mainly 
to  achieve  the  desired  free  cable  elongation  .formula  8i  and  to 
prevent  undesirable  microbending  phenomena  m  the  1550  nm 
region 
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un  j.n,;  me  tubes  with  .in  accurately  designed  pitch  To  prevent 
.u  rotvni.jauj  me  tubes  must  be  stranded  in  accordance  with  the 
Ti  Mtions  of  the  fibre  design  ■  matched  ciadding  typ*-  or  depressed 
■  iddmq  type ' 


•  F  .  i-,  t.ii.n;’  the  interstices  wth  u  mob  drop-pomt  jelly  compound  to 
ipta»n  io'Kj'tu Jmai  water  tightness 

This  leqt.oes  specialized  equipment  m  which  the  pressure  of  the 
e-iy  compound  can  he  controlled 

•  E n!ruS'on  of  the  inner  sheath  »o  protect  the  cable  core 

•  Strandinq  of  the  ararrude  yarns  with  accurate  tension  control  thus 
reduOnq  'he  •  r» rt i»r i  eionqat.on  of  the  cable  No  pre-stressing  during 
LahU’  mstalMtion  is  necessary 

•  EdCiS-on  O*  me  HOPE  outer •  she -»n  with  an  accurate  and  continuous 
ammeter  control  to  properly  *t?  the  do. id-end  spirals 

5.  MECHANICAL  LABORATORY  TESTS 

In  a  Ud'on  ;o  *“sfs  ‘jr  the  tuinsnnssion  charac trusties  Of  the  optical 
•>hre  fie  'ueta'-hee  se  '  s.-pport-nq  an.  \  opt-cui  *>hre  cable  is  suhiected 
to  .1  number  01  mechanical  tests  U  i  or.JinO  to  >EC  "94- 1  Tests  are 
performed  on  cable  B  f  table  1 

5  1  Tensile  perlormance  (tEC  794-1-E1) 

T*>,.  cab'e  ■  s  1  xc-u  hv  "’tMn5  of  the  same  dead  end  sp*Mi$  used  for 
f  eui  installation  The  maximum  tensile  force  applied  to  the  cable  was 
‘•0  kN  No  cable  breax  oc cured  at  this  *orco 

F  q  4  shows  the  stress  ..tram  curve  of  the  cable  The  initial  eionqat.on 
is  very  low  because  me  aramnie  yarns  are  pre-stressed  durmq 
prod. a  tion 


Ten»ne  lest  {cable  0  ) 


T he  modulus  of  elastic  ty  of  the  cable  is  defined  as 

A,  ,10, 

‘  ^ararrude 

l  t,nq  a,  hemg  the  modulus  of  elasticity  and  the  cross  sectional  area 

re  spec  tivoiy  of  a  cable  element 

A  ,, ram.de  >s  the  cross  section  of  the  a  ram  i  cle  yarns 

The  modulus  of  elasticity  of  the  cable  amounts  to  1 1S  kN  mm-  giving 

a  safety  margin  of  the  aramicJe  yarns  i  100  kN  mm*  i  as  used  during 

. .able  design 


phofo  f  Determination  o'  the  cattle  breaking  load 


An  optical  propagation  time  measurement  is  used  to  determine  the 
•ibrp  elongation  as  a  function  of  the  cable  elongation  The  tensile  force 
a!  the  beginning  ot  f«brr  elongation  is  the  MAS  (Maximum  Allowable 
Stress  i  and  amounts  to  2b  kN 

rhP  Ultimate  Tensile  Strength  ilJTSi  was  determined  m  a  separate 
•  ■jpprrment  The  cable  breaking  load  is  6?  8  kN 

The  spirals  used  to  appty  tension  to  the  cable  prevented  any  significant 
i  a  hie  shifting  up  to  the  cable  breakage  which  d'd  occur  »n  the  middle 
of  me  cable  sampm  between  m»>  'wo  spirals  t  photo  1  i 


5.2  Cru*h  resistance  (IEC  794-1-E  3) 

Fig  5  shows  the  compression  force  as  a  function  of  the  cable  com 
pression  measured  at  ?0  C  i  70' C  i  and  70  C  (  1  GO  Fi  mot  specified 
hy  l£C  )  The  <  able  compression  at  which  the  fibres  no  longer  can 
move  freely  amounts  to  3  5  mm  Even  at  70  C  a  c  ompression  force  of 
18  kN  m  car.  hr  sustained  before  reaching  this  point 


i 


i 
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5.3  Impact  resistance  (IEC  794-1-E4) 

£  evpacfs  at  -55  C  <  '  F  ■  wdn  a  impact  momentum  of  tM  Nm 

'■  o  -jam age  to  cable  nor  to  mdroJuai  f.bres  The  racl>i;s  at  the 
po  *it  o'  're  'Mmmer  is  1  5  "tn1  <0  0f>9  met’  ■ 

5  4  Bending  (IEC  794-1-E6) 

A‘!*  '  rep**. pends  A  *  »  hemj.n:;  r.|  ;  s  of  I  J  •  D  D  i.  al»l»- 

J  » r?'* ■  t- •  r  no  2*  fo.  ts  on  an*  cable  in<  : 1 . n r!j  !lv-  nptiC.V  fibres 


5  5  Temperature  cycling  (IEC  794-1-E6) 

’  ■>  «.  n  ..j •  at.-  pr.-jct  cai  condibor's  a  vmperature  c  *<.!*•  test  was  perform*1::; 
,i*  i  n  s'lmpir-  ioad*‘d  ■»»  tne  ♦••nsiie  test  m.K.mno  with  ,i  constant 
:  „ xj  , jf'  T*v.  *'hr*‘S  arc  sp1  '  “f!  together  ?o  nYeu-  a  s.nqie  loop 
a*  ”  'S  i*t  <i  h,..-*  to  an  optic. i  power  merer  With  tne  mj  o?  a  double 
i !  V.t’i'  s,.r>  ■*  ir  .i'o'j  •*■'«>  catve  measurements  . «r » •  performed  at 
*>•  C  ’4r>  F  no*  water  •  ■i”  f  ••  C  22  F  :  a  mixture  o<  ethanoi 


f  s  i't  -a  . .  is  ,'i'rv."  ••  ... 

MV  h-n  C  JB  *”■ 

MX  ■  C  1  ffi  K- 

5  6  Water  penetration  (IEC  794-1-F5) 

A  *  t » •  f  t'r"  St  *  *’SS'  n<  1  rri**  complete  <  ah*e  W'th  .1  tensile  tore**  o*  12  S  KN 
;f..,nn..j  •  me  s.e»’p'*'  s  tested  w'hout  StteSS  during  90  hours 

i:  .  uf  to  fh*»  sheath  gap  method  A  head  of  water  of  t  meter 
:s  applied  to  a  <  iri  omferenti.tl  sh**ath  'jap  of  2f>  mm  1  1  inch  i 
.  .  s.,  »n  |f'  4  >u.  *•  c>n'j.f  water  p»*nr*?r  thon  m  the  cahle 

5.7  Cable  creep  after  installation 

in  i  specially  developed  test  equipment  !  photo  ?>  i  r*?ep  was  measured 
Ah  .  *’<  ii  <  as  aMer  installation  of  the  t  ahf*1  wdh  dead-end  spirals  Two 
n.eTipna  stress  ie.e  s  w**re  •  •jammed  and  two  types  of  dead  end  spirals 
T**Sf  duration  was  2 00  days  Results  i  *iq  h)  show  that  the  worst  case 
c  n>i'p  rs  .‘*ry  limited  <ahOut  5  mm  .  and  can  he  neglected  wdh  respect 
Tr i  an  installation  span  of  several  hundreds  of  meters 


photo  2  Creep  rest  oq^-or-tr'! 

Initial  elongation  after  installation  with  dead-end  spirals  as  a  function  of 
cable  tension  and  type  of  dead-end  spiral 


f  .  j  *> 

5.8  Vibration  characteristics 

T  wo  important  features  i.if  tn.  a.-d  *i  .  >pt  .  ii  a*.  *■  *•  i  .  .  *  •*i.  a>.»,*  d 

Hi  specialized  lahoi-itOMf'S 

Self-damping  of  the  cable 

Th*»s»*  m*>asi.remenfs  an . ■:  .n  .  ceding  to  m-  GlGRf  IEEE 

Guide  on  ’  ondu.ri.it  set*  dampu'.q  me  isn»er>...|'t  at  differ. -nj  Vnsae 
forces  and  frequencies  At  a  fensne  'or<  «'  (if  tilH'O  N  the  v  <  bratipn  angle 
jj'Si'*'  set  tipn  B2i  reaches  a  maximum  value  of  4(i  rnauites  at  a 
frequent  y  of  20  H/  t  tiq  ■' )  Th(s  will  in  no  wav  damage  the  cdh'e  Thi- 
good  self  -darnpinq  properties  ol  the  cahie  in  almost  tf>e  entire 
<reqn**ru  y  range  irr*  caused  h»-  tfie  internal  friction  of  the  flexihie 
aramidf  yams  rfampinq  most  ■  >f  !»**■  frif  tmn  energy  very  qutck'y 
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Vibration  angle  o' as  function  of  frequency  f 


5.9  Resistance  to  shot-gun  damage 


Damping  of  the  cable  with  the  use  ot  dampers 

Tne  remaining  vibration  amplitudes  m  the  low  frequency  range 
’0-  30  Hz  can  be  damped  further  by  the  application  of  dampers  with 
a  weight  of  1  5  -  3  kg  i  fig  8  > 


Cable  vibration  energy  as  a  function  ol  frequency,  with  and  without  damping 


Damage  of  aonal  cables  caused  by  shot-guns  is  unfortunately  in  some 
areas  a  frequently  occurring  phenomenon 

A  series  of  tests  have  been  performed  with  different  diameters  of  pellet 
of  shot  from  various  distances 

The  several  layers  of  aramide  yarns  designed  to  control  heavy  loading 
conditions  also  protect  the  cable  against  penetration  of  shot  to  the 
cable  core  As  well  known  aramide  yarns  are  often  used  »n  bullet¬ 
proof  vests 


pnao  u  Shot -gun  damage 

Test  detans 

Tvp..  o‘  q».n  Beaumont  shot-gun  caliber  16 

Pei:«-t  dir  meter  s‘n>?  5  >  00  mi"  'had  i0  HB  inch  '• 

snot  6  2  76  mm  lead  « 0  108  inch  i 
snot  ?  2  50  mm  lead  i  0  0098  inch  i 

f-r-ng  -.in.].  if-  30  and  n.  i  50  65  and  80  feet  ■ 

P-s.cts  Ar  snort  range  shot  of  all  diameters  will  pierce 

t r. . *  outer-sheath  but  will  not  get  through  the 
.nner-sheatn  ,  photo  3>  It  leaves  only  an 
impression  on  the  nner-sheam  me  ar  amide* 
yarns  eaten  the  snot  without  breakage  The 
tensMe  performance  of  the  cable  did  not  change 
T.*s*s  revealed  that  water  penetration  m  the  layer 
of  aramide  yarns  between  inner-sheath  and 
Outer-sheath  through  the  holes  m  the  outer- 
sheath  is  very  limited  due  to  the  hydrophobic 
nature  O*  the  aramide  yams 


40  fiO  HU 

vihr. it'll”  fn-guuni  y  'H/1  > 


6.  ELECTRICAL  STRESS  MECHANISMS 
6.1  Theory 

Electrical  stress  mechanisms  r  ref  6i  contribute  1o  me  aging  o*  the 
outer -sheath  of  the  optical  fibre  cable  The  two  contributing 
mechanisms  are 

•  corona  partial  discharges  in  a  non-nniform  electric  'told 

often  luminous  and  audible 

•  hacking  the  process  that  produces  more  or  less 

conducting  paths  of  localized  deterioration  as  a 
result  of  the  action  of  electric  d'SCharqes  on  or 
close  to  the  insulation  surface 

The  cable  is  grounded  at  the  suspension  towers  In  the  middle  of  the 
span  the  cable  is  charged  by  capacitive  coupling 
Because  of  the  charging  the  cable  will  have  a  potential  that  depends 
on  the  phase  voltage  and  the  position  of  the  cable  between  the  phase- 
lines  and  earth  Since  the  electrical  resistivity  of  the  cable  is  high  the 
capacitively  coupled  voltage  will  also  be  present  near  the  spiral  ends  at 
the  towers  The  resulting  electric  field  strength  at  the  spiral  ends  c  an 
cause  corona  When  the  cable  is  polluted  and  wet  a  current  wii  ’low 
from  the  middle  of  the  span  to  the  tower  At  a  point  of  higher  i  urrent 
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density  the  moisture  will  avaporate  and  cause  a  discharge  This 
happens  because  almost  the  entire  capacitively  coupled  voltage  is  now 
across  the  gap  in  the  conducting  (moisture)  layer 
This  process  can  be  continuous  in  some  weather  conditions  and  causes 
tracking  Both  mechanisms,  tracking  and  corona,  are  strongly 
influenced  by  the  electric  field  configuration 

6.2  Calculations 

A  computer  model  bas  been  developed  to  calculate  the  radial  and  axial 
electric  field  strengths  From  this  model  it  is  possible  to  determine  the 
optimum  suspension  position  of  the  cable 

The  influence  of  cable  parameters  on  the  axial  field  (along  the  cable 
surface)  is  analysed  The  results  show  that  when  no  special  measures 
are  taken,  considerable  voltage  jumps  may  occur  across  interruptions 
of  the  (semi-conductive)  cable  surface  that  results  from  pollution  and 
wetting 

Figure  9  shows  the  potential  distribution  in  the  field  of  a  150  kV  network 
between  two  towers  The  cable  is  suspended  m  the  position  marked 
with  an  asterisk  (  *  )  The  figure  shows  that  the  cable  potential  is  about 
1 3°o  of  the  phase  ground  voltage  i  e  1 1  kV 


Equipotential  lines  indicated  as  a  percentage  of  the  phase-ground  voltage 


u  V'OoV  h  i* V  pr.isu-afOi.oiJ 
Dprs.jsr  Air-'  36  1  nmi  i  1  4,?  m».t> 

D  around- Am1  1  ’  '  n,,M  1  d  -*6  lfu  h  • 

pn.isi-  ‘1-sfnPut*Or'  C  B  A  A  H  C 

*> :  *> 


6.3  Measurements 

The  longitudinal  resistivity  of  the  cable  is  the  most  important  cable 
parameter  Calculations  show  an  optimal  resistivity  of  about 
10'  -  10"  If  m 

Material  property  measurements  were  performed  on  HDPE  and  on  an 
Al  (OHj,  filled  copolymer  A  surface  resistivity  of  4  x  10' ‘  1*  for  HDPE 
and  1  x  10"  t.'  for  the  filled  copolymer  was  measured 
Tracking  resistance  was  measured  according  to  IEC  1 12  Both  materials 
withstood  the  lest  three  times  at  the  maximum  level  of  600V 
i  Qualification  CTI600  M)  The  filled  copolymer  does  however  not 
fulfil  the  requirements  of  ASTM  D  1248  grade  W8  for  outdoor  cable- 
sheath  materials  regarding  tensile  strength  and  elongation  at  break 
For  that  reason  and  because  the  resistivity  is  not  low  enough  the 
material  was  rejected  and  HDPE  was  chosen  as  outer-sheath  material 

A  laboratory  set  up  was  built  m  a  specialized  laboratory  to  simulate  the 
electrical  conditions  in  a  HV  circ  uit  In  tms  set  up  corona  was  observed 
using  partial  discharge  detection  techniques  at  a  dry  and  clean  cable 
The  corona  activity  was  elimmared  by  shielding  the  suspension  spirals 
with  toroids  With  corona  eliminated  tracking  was  observed  when  the 
cable  was  wet  with  a  salty  solution 

No  damage  of  the  sheath  material  was  noticed  at  any  experiment 


6.4  Results 

Potential  plots  and  experiments  show  that  the  choice  of  an  optimum 
suspension  position  results  in  a  considerable  decrease  of  corona  and 
tracking  activity  Corona  may  be  eliminated  by  shielding  the  suspension 
spiral  ends  The  amount  of  tracking  may  be  reduced  by  using  a  cable 
sheath  with  higher  conductivity  Usually  this  results  in  a  lower 
tracking  resistance 

It  is  important  that  alternative  cable  sheath  constructions  have  to  fulfil 
the  mechanical  requirements  Insulated  suspension  is  also  advantage¬ 
ous  with  regard  to  corona  and  tracking  reduction  but  problems  may 
arise  when  the  cable  runs  through  the  tower  body 

6.5  Electrical  failure  mechanisms 

Electrical  failure  mechanisms  also  may  have  an  influence  on  the  cable 

1  When  the  cable  is  non-conducting  (dry  j  and  touches  a  phase  wire 
the  resulting  current  is  very  small  and  therefore  harmless  A  wet 
(conducting)  cable  touching  a  phase  wire  carries  in  the  first  instance 
a  high  current  which  evaporates  the  moisture  quickly  resulting  m  a 
moment  of  high  tracking  activity 

2  Impulse  voltages  on  the  earth  and  phase  wires  < originating  from 
lightning  or  short  circuits)  contain  components  of  higher  frequencies 
which  lead  to  a  somewhet  stronger  capacitive  coupling  between 
wires  and  cable 


7.  INSTALLATION 


7.1  Engineering 

The  installation  techniques  and  the  applied  equipment  for  metal-free 
aerial  cables  correspond  to  the  generally  employed  methods  for 
overhead  lines 

Since  the  cable  is  self-supporting  the  cable  must  be  positioned  m 
such  a  way  that  free  space  within  the  tower  configuration  is 
guaranteed  for  all  loading  conditions 

Because  of  its  low  eight  i  generally  1  75  -  200  kg  km  625  -  700 
lbs  mile)  the  cable  shows  a  tendency  to  drift  with  the  wind 
The  preferred  cable  position  to  achieve  ease  of  installation  is 
underneath  the  phase  conductors  This  position  is  however  very  often 
m  conflict  with  the  requirements  for  minimum  ground  clearance 
Esthetics  within  the  power  line  configuration  require  often  an  equal 
sag  for  all  conductors 

In  practice  the  cable  ts  strung  between  or  above  the  phase  conductors 
depending  on  the  power  profile 

The  proper  free  space  is  assured  by  adjustment  of  the  sag  i  not 
necessarily  completely  equal  to  the  conductor  sag  i 
Proper  establishment  of  the  cable  sag  is  a  prime  concern  of  the 
customer 

By  adjusting  of  the  sag  different  loading  for  the  towers  can  be 
obtained  In  general  the  additional  load  to  the  tower  construction  ,s  a 
small  percentage  i  less  than  5*oj  of  the  basic  load 
Computer  calculations  of  the  temperature  dependent  sag  and  tension 
values  for  each  span  result  in  a  proper  positioning  of  the  cable 

7.2  Armatures 

Fittings  commonly  m  use  with  the  electric  power  utilities  will  have  me 
preference  above  other  newly  developed  hardware  For  that  reason  we 
adopted  suspension  and  dead-end  spirals  for  mstal'ation  purposes 
(photo  4  i  Slippage  of  tne  sheath  through  the  spirals  is  undesirable 
therefore  the  spirals  must  be  carefully  dimensioned  m  agreement  with 
the  cable  diameter 

Standard  spirals  have  been  adapted  and  tested  to  take  up  all  cable 
tensions  without  slippage  up  till  cable  breakage  i  UTS  i  Suitable  equip¬ 
ment  is  available  on  the  market 


X  X 


photo  4  Spirals  for  installation  purpose 
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7.3  Installation  o I  the  cable 

OrK.v  hjunq  established  the  mounting  pos'bons  ’of  If:**  i  able  a1' 
tutors  and  yOneS  must  be  piOvul«‘v!  with  !•’»*  ume^saiy  mounting 

.if  rangoments 


photo  6  Cable  installation 


These  arrangements  include  mounting  points  lor  supporting  spud's 
and  dead-end  spirals  in  the  towers  installation  ot  pulleys  and  provisions 
ir  sub-stat»ons  tor  dead-ending  the  cable 

Next  the  cable  installation  can  take  place  with  or  without  a  polling 
rope  iphoto  5»  There  is  no  need  to  pre-stress  the  cable  For  i  cable 
lenght  of  4  2  km  (26  miles  i  a  winch  handles  the  putunq  forces  which 
will  not  exceed  the  4400  N  l  1000  Ibsi  level  Shorter  cable  '-moths  of 
2  i  Km  i  1  3  miles i  have  been  installed  using  manpower  only  by  walking 
with  the  cable  from  tower  to  tower 

Installation  times  of  1  5  km  /  t  mile  i  per  day  i  all  preparations  included  ; 
have  been  achieved  easily  with  a  c  rew  of  3  to  4  men 
De-onergizmg  trio  power  system  to  install  the  MFSS  cable  is  not 
necessary  Especially  for  spurroutes  where  outages  can  be  critical 
MFSS  cable  offers  advantages 

7.4  Splicing 

Fibre  splicing  has  to  be  earned  out  after  a  cable  has  been  terminated 
at  an  end  tower  To  avoid  break-neck  activities  with  expensive  equip- 
ment  the  cable  *s  brought  downwards  lo  spnee  the  fibres  at  ground- 
level  Afterwards  the  splice  housing  is  fixed  within  the  tower  at  an 
appropriate  level 

Normally  terminating  towards  an  equipment  room  often  fends  to  tht- 
implementntior.  of  short  lengths  of  direct  buried  cable  types  implicating 
extra  joint  boxes  extra  cable  stock  and  extra  system  attenuation 
However  the  metal  free  cable  can  also  be  used  as  a  directly 
through -gomq  cable  and  eliminates  these  disadvantages 
Local  diggers  and  omnipresent  gnawing  rodents  can  be  dealt  with  by 
pulling  the  cable  into  a  protective  metal  or  plastic  pipe 

8.  FIELD  EXPERIENCE 

8.1  General 

Laboratory  research  on  the  metal-free  aerial  cable  with  ararrnde  yarns 
is  .1  strength  mi  inner  started  m  1979  The  first  field  trial  was  installed 
n  t98f  -ht  1  ■  m  a  160  KV  network  near  the  North  Sea  mainly  to  test 
trie  nlitionce  of  wind  loading  salt  deposit  and  electrical  aging  After 
m sped i on  m  January  I9fi7  which  revealed  no  sign  of  any  attack  the 
cable  was  shifted  to  the  380  kV  network  To  t"S!  ice  loading  and 
qai'Opmg  a  spec.il  test  sample  was  installed  m  1983  m  the  northern 
part  of  the  Netherlands  which  Survived  an  extreme  ice  loading  o* 

23  mm  0  9  mi  n  -  w  thou!  any  damage  in  march  1987 

irf  I'iftv  u  cat)/**  sei  lion  of  about  9  km  was  installed  m  the  160  kV 
n.-twork  .n  the  southern  part  o*  the  Netherlands  'Cable  type  A  from 
Mbit  t  -  In  this  tnai  section  information  is  b*?ing  gathered  regarding 
!i'ii\:or,imiini(..ilic.)n  by  the  elector  power  utility  and  by  monitoring  cable 
rvna-. io«»r  Um-Mien  i;  projects  are  being  earned  Out  both  m  the 
Netherlands  -Hid  in  trie  USA  A  large  elet  Ir  e  power  company  m  the 
USA  s  installing  .the'  a  previous  sut‘(  essf-e  f  eig  trial  a 
vomincu'Mi  24  fibre  connection  ot  2  5  km  in  the  345  kV  network 
1  Cable  type  C  from  table  1  ■ 

8.2  Wind  excited  vibrations 

Wind  excited  transversal  periodic  cable  movements  can  he  divded  into 
three  types 

a  Vibrations  m  a  part  of  the  span  with  a  typical  frequency  of  1  -  3  Hz 
generated  by  parallel  c;  btes  where  aerodynamic  coupling  takes 
place 

b  Galloping  is  a  high  an  piitude  but  low  frequency  1  up  to  1 1  Hz  1 
phenomenon  Trie  energy  content  is  low  so  generally  no  damage 
due  to  fatigue  is  expected  Parallel  cables  however  can  touch  each 
other 

c  Resonance  vibrations  or  aeolian  vibrations  with  smaller  wavelengths 
and  typical  frequency  5  -  150  H^  Wind  velocities  which  evoke  this 
kind  ol  vibrations  are  in  the  range  of  0  5  -  10  m  s  when  air  flow  is 
still  laminar  This  type  of  vibration  can  be  dangerous  because  of  the 
high  energy  content  and  the  frequent  occurrence  All  our  measure¬ 
ments  are  related  to  this  type  of  vibrations 


434  International  Wire  &  Cable  Symposium  Proceedings  1987 


The  frequency  of  vibration  tf^i  can  be  calculated  f r or?i  the  wind 
velocity  t  Vw  i  and  the  cable  diamelef  ■  D»  according  to  Strouhais 
formula 

tw  0  2  *  Vw  D 

D  15  T  mm  Vw  --  10  m  s  so  fw  '  133  Hz 

The  resonant  frequency  fn  and  the  wave  speed  Cw  have  been 
calculated  For  the  momtor<ng  section  i cable  Ai  we  find 

T  1900  N 

m  U  1  T5  kg  m 

L  250  m 

Cvt  104  m  s 

leading  to  fp  n  *  0  21  Hz 

A?  almost  every  wind  speed  a  vibration  can  n**  caused  In  pr.u  rice  a 
limited  frequency  range  wr  occur  due  to  self  damping  o‘  Pv  cable  <ts 
was  proven  bv  laboratory  experiments  and  ae -.lumping  The  wave- 
'enqth  *  *.an  be  caitu-ated  bom 

X  *  l  r  ' 

The  ..brahon  angle  j  2  7 T,  *  n  wmv-h  f|1  •  >  trie  amputede  of  the 
.  'bra!  on 

The  ai.owab.e  ubrabon  angle  tor  an  aa.m.nu.m  steer  conductor  i**s  «n 
•he  order  o?  m  tqn-tudf  o’  10  i  minutes-  For  nvta  free  aer  a-  rabies 
There  are  r\.  practical  emits  !q  To  pre.»*nt  s»*<.  ond.jr ,  damage  *..• 
tOAi'-rv  and  additional  harilw.ife  f'H  same  i.md  for  J  has  been  taxeri 
.tur.nq  The  ova’uation  of  held  v  brabon  measurements 

Field  vibration  measurements 


6.3  Field  monitoring 

Fiq  11  gives  an  overview  of  the  installed  systems  .  *.ei  'm-  ope-  i  .  at.i*- 
section  <  cable  A  i 

A  2  Mbit  s  optical  transmission  System  has  been  Conner; ted  ..s  nq 

fibres  i  indicated  with  i  and  2«  S'*  out  o*  the  tn.r*-,  a.ai'  u.-m  ■-  . . < 

are  used  for  communication  •  vOic»*  data  and  temm.-tr,  T* 
other  fibres  .ire  spliced  two  by  two  half  way  n  the  v-  !  on  ,f  .s 
creating  a  loop  The  changes  »n  the  optici'  .i:i»T.,a!.(jn  of  me  -jugm  i 
two  Circuits  are  continuously  measured  wan  h.gr-.,-  stable  m,,it  p.e 
power  meters 


Measuring  set-up  optical  fibre  aerial  cable  link 


V  nrahcms  were-  ,v* -as  ; red  w-fh  ut.  i . m!  on  V>t  equipment  together 

W  th  'A  n't  Speed  »n  !  W'hd  dnec!  on  men. tors  V  <.  he..x  *  V'Ov.*‘  t  s 
harm  ,i.i  would  float  ..nger  J  ..ondit»ons 

V'  bMt'c'ns  were  measured  r  the  ‘requ*-'i.  v  '.tnqe  :.il  i  j.j  Hz  v.d*'  , 

sma-  amp..!  .des  Se.wa1  tenths  C1  i  m  . . .  r  T r.lf  ,,S..,e  1 

frequency  ..Hues  anj  the  <  r»  i/ated  .ac.es  *r.:im  nd  v  .it  -  3 

'0  N  .  O’V'.-r  .erv  we> I 

In  another  experiment  the  beq  ,ent  ,  and  amplitude  of  *n»*  t  able 
■.  br  it.qns  were  measured  wip'd..!  p*vsu  a-  <.  o'-Cu  !  a  n  ;  »  ,  gmer  i 
a  !r’  !e!eSi  Ope  lens  V'hrat*or;v,  w ere  n-.e, is:. red  -n  ?**••  *r.  -q.  ,•  n .. ,  * 

*0  V  H/  with  ,1'Mps.tudeS  c»t  several  <  entimejers  The  •.>,  ng  spe.-  } 
on:,  .4  -  ni  s  The  vibrut.gn  unqie  was  be.ow  b’«.  ..md  :>!  v  . 

*••'}  hi.  Ne,er»r,eiess  th..  use  O*  d.i'llpe'S  W  1  '  n’  *  die  e’  P-  hides 
*  .rther  to  pre.ent  pOSS-ble  S»-i  on  j.ir,  :.Jam,l(Je  to  tu.u-  ,  I'S’ii,.  tiO'is 
m-j  asso< oated  hardvv  rr*-  .me  tne  Suspension  gups 


Diagram  with  amplitudes  of  vibration  as  a  function  of  frequency 


10  2d  3d  40  SO 

vibration  frequent  y  1  »H/  — ♦ 


i"  tne  !  tower  re;  ordi”«j  nstiumenfs  «tre  .ns!  n.  d  *o  n-e  is  .re  :  itue 
'•  -r's.  or  *  .ipr.ilioes  temperature  win-.i  .eio<  tr  ..mo  d- recti  on  A  i 
»•  easuiird  d.i*  •  1  an-  Vd  into  a  mu.  roc  OH  Pu!*/r  A"  C.-  process-  s  a'-d 
Stores  tn-s  :.jr,i 

Tfe  .KUu-red  mondonnd  experience  v0.erS  a  per  .  ,d  o*  .  ,-.lis 
No  n.inqe  jf  attenuation  as  a  function  of  •  am*'-  t«-n*i  m  oc>  .ire;!  n 
•e.s  perod  To  .  ne<:K  tn»»  ies..its  .jf  the  monitoring  power  meters 

i"i  *  * .  I T  tin  O*  ?h,  tot*  Section  'Ji..'  n'T  i  w  is  .red  tab*  a  *'■ 

r*s»*r».. >*•  oss  me’i'c  !  '*  ••*ctiy  a*t**r  nstadatio”  an  :  P'e*  •.  ••  ••••  s 
No  s.qn  ‘if  ant  (  n.eiqes  Were  n.  it-('e  : 

1  »tu»*  \  Afr-n  .ation  u‘  total  !» «.t  Sf»«.  fign  a'  .dfii\.S  nieaSiJrinQ  time*, 
•heas  j  time  (y  ,  ,r>ri  ,jb  • 

average  I.a  '-hres 


d-rei  t s v  a'ter  ms’.r  l.l!i«jn  l;  3  ' 

after  12  months  h  29 

As  expev  ted  the  catee  tension  .n<  u  ased  w  tn  ncf»,asmg  w  nd  veiodS 
•a j  1 2  ■  The  nom-n.i  tensn'm  S  1902  N  the  'i’,i«im,,'r  tens -on  ■!.,*  r  ; 
“■•s  (j.-ri(.>(j  was  5  *N  The  points  in  the  figure  an-  measurement  [>o.,vs 
■  i‘  the  cable  tension  and  the  corresponding  component  ut  the  k\.n,i 
•.  eiof  1 1  y  perpendu  .,  af  to  the  cable  span 

The  plotted  line  qr.es  the  caU  u'ated  vaUies  of  jtie  (  able  tension  as  a 
•unction  of  wind  velocity  according  to  formula  i5i  Nearly  ail 
measurements  qiu  lower  values  *or  the  cable  tension  than  the 
calculated  values  mamiy  because  wmd  velocities  w»n  not  be  constant 
for  the  full  cable  span  This  implies  that  an  extra  safety  margin  between 
theoretical  design  and  practu  ai  application  exists 

Cable  tension  monitoring  dunnq  these  2  years  showed  no  measurable 
alteration  m  the  EDS  valve  of  the  cable  This  replies  that  no  creep  of 
the  cable  sheath  dead-end  spiral  i  bmbmation  occurred 
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Dt*gram  with  cable  tenuon  as  a  function  ol  wind  velocity 


8.4  Practical  experiences  with  electrical  aging  mechanisms. 

in  September  1981  a  test  came  was  installed  -n  a  380  kv  crcmt 
operated  at  160  KV  i  in  which  tne  cable  potential  *$  about  1 1  k  v 
The  circuit  is  situated  in  a  coastal  environment  The  cable  Sheath  was 
examined  m  January  1 98 T  There  were  no  S'qns  ot  deterioration 

Cable  A  table  1  >  was  installed  August  1985  m  a  150  kV  circuit  resulting 
■n  a  cable  potential  of  tt  kv  and  checked  in  November  1986  Also  on 
me  sheath  of  this  cable  no  siqns  of  deterioration  were  found 

CONCLUSIONS 

Excellent  experience  with  the  metal-free  aerial  optical  cable  is  gathered 
during  the  last  8  years 

With  the  aid  o»  a  dedicated  computer  programme  completely  custom 
made  cables  can  be  designed  which  contain  tne  minimum  amount  ol 
a.  amide  yarn  strength  member  Depending  upon  the  sag  spans  of  600 
m  (2000  ft »  and  more  can  be  reached  Single  mode  fibres  iwith  an 
optical  specification  »n  the  1650  nm  region)  as  well  as  multimode  fibres 
can  be  included  m  the  cable 

Selection  of  materials  has  been  performed  on  the  basis  of  technical 
performance  and  long-term  stability  leading  to  the  app hcat>on  of  HM 
ararmde  yarns  as  strength  member  and  HOPE  as  outer-sheath  material 

Laboratory  measurements  showed  that  cable  characteristics  are  at 
least  equal  to  the  values  used  during  cable  design  provided  that  the 
cable  production  is  controlled  very  carefully 

Electrical  stress  mechanisms  like  corona  and  tracking  do  not  influence 
the  hfe-expectancy  of  the  cable 

installation  techmaues  guarantee  easy  and  quick  cable  installation 

without  de-energizing  the  power  system  if  necessary 

Monitoring  of  field  installations  since  1981  shows  no  changes  of  any 

cable  property  This  applies  to  both  the  optical  and  the  mechanical 

cable  characteristics  as  well  to  the  material  properties  Long-span 

metal -free  aerial  optical  cables  have  proven  there  practical  reliability 

completely 


Acknowledgements 

The  authors  wish  to  acknowledge  the  support  of  many  people  and 
organisations 

Electric  power  utilities  and  material  suppliers  gave  their  permission  to 
publish  practical  data  and  co-operated  at  the  realization  ol  pilot 
projects  Many  persons  m  our  own  organization  contributed  to  the 
accomplishment  of  this  paper 


REFERENCES 

1  O  R  Bresser  Experiences  with  a  metai-fr* e*rial  cable  design  tor 
long  span  application  Global  Telecom  C"!  '  '4  5  San  Diego 
USA  1983 

2  E  J  Bresser  Metal  free  fibre  optic  cable  in  power  supply  networks 
FODC  85  Ljubljana  Yugoslavia 

3  O  R  Bresser  et  ai  On  the  predicted  life-time  ol  optical  fibre  tele¬ 
communication  cables  Trends  in  Telecommunications  Volume  2 
No  1  1986 

4  j  Th  van  Eck  Metal  free  Fibre  Optic,  Cable  in  Power  Supply 
Networks  lot  seminar  on  telecom  and  electronics  Jakarta 
Indonesia  1986 

f>  j  Th  van  Eck  Optische  kahelsystemen  Elektrotechmek  65 
i 1987 i  4 

6  A  G  W  M  Berkers  Electrical  stresses  on  a  self-supporting  metal - 
tree  optical  fibre  cable  m  htqh  voltage  networks  Eindhoven 
University  of  Technology  april  1987 

7  Creep  and  stress  rupture  ol  koviar  ropes  Technical  Documentation 
Kevlar  29  •  Kevlar  49  aramid  fibres 

8  Twaron  -  Technical  documentation  engineering  with  fibres  Enka 
Industrial  fibres  1985 


436  International  Wire  &  Cable  Symposium  Proceedings  1987 


Albert  T  M  Grooten  was  born  in  1952  He  holds  a  Materials  Engineering  Erik  J  Bresser  graduated  from  Eindhoven  University  of  Technology 
degree  of  Delft  University  of  Technology  iThe  Netherlands)  He  joined  <  The  Netherlands  i  with  a  degree  m  High  Voltage  Engineering 

NKF  Kabe<  B  V  m  1978  worked  m  the  Research  and  Development  He  joined  NKF  Kahei  B  V  in  1983  as  marketing  engineer  tor  fibre  optic 

department  and  is  currently  Marketing  engineer  for  optical  fibre  cable  cables  and  is  currently  account  manager  tor  i  Electricity  Power  i 

applications  He  is  a  member  of  the  CClTT  Study  Group  VI  Utilities 


ArmeG  WM  Berkers  was  born  m  I960  m  tne  Netherlands  Hr  obtained 
a  degree  in  Electrical  Engineering  of  Eindhoven  University  of  Technol¬ 
ogy  arid  jomed  NKF  Kabel  B  V  m  1 98 r  He  is  a  member  of  the  cable 
development  group  HiS  mam  concern  -s  the  development  of  optical 
fibre  cables  for  high  .oltage  networks 


International  Wire  &  Cable  Symposium  Proceedings  1987  437 


PRE -STRANDED  SELF  SUPPORTING  AERIAL  CABLE  DESIGN 


David  Wong  and  Sandy  Lyons 


Siecor  Corporation 
489  Siecor  Park 
Hickory,  NC 


Abstract 


The  replacement  of  the  traditional  lashing  of 
fiber  optic  cable  to  steel  wire  messenaers  has 
been  studied.  The  suggested  alternative  is  to 
utilize  a  self-supporting  cable  that  incorporates 
light  weight  Aramid  rovings.  Siecor,  in  con- 
juction  with  United  Ropeworks,  Inc.  has  evaluated 
a  system  that  combines  a  dielectric  fiber  opt  c 
cable  with  a  100%  Kevlar  messenger  for  aerial 
span  applications. 


Background 


As  the  need  for  a  low  cost  self-supporting  aerial 
cables  is. becoming  more  evident,  a  study  is  bema 
rnndiic  ted"  to  evaluate  the  feasibility  of  desiqns 
other  than  the  self-supporting  figure-8  or  self- 
supporting  concentric  design. 

Fiber  optic  self-supporting  aerial  cable  designs 
are  not  new.  In  fact  two  basic  designs  have  been 
available  for  several  years.  Those  designs  are 
the  fiqure-S  a^d  the  concentric.  The  figure-8 
consists  of  a  fiber  optic  cable  bonded  or  clipped 
to  a  messenger.  Most  concentric  cable  designs  are 
basically  standard  aerial  cable  constructions  with 
higher  tensile  Strength  ratings.  Each  of  these 
designs  is  capable  of  satisfying  a  few  of  the  re¬ 
quirements  demanded  of  a  self-supporting  cable  but 
neither  the  figure-?,  nor  the  concentric  desiqn 
satisfies  the  compilation  of  technical  and  commer- 
r  i d 1  needs  inherent  in  an  aerial  application. 

The  primary  requirements  that  must  be  satisfied  by 
a  self-supporting  aerial  cable  are  as  follows: 

1.  Flexibility  of  fiber  counts  up  to  19?  fibers. 

/.  Loose  tube  cable  design. 


3.  Fully  specified  for  -40  to  +70  C  operation  as 
well  as  worst  case  ice  and  wind  loading. 

4.  All  dielectric. 

5.  Maintain  optical  integrity  in  a  strain-free 
state  throughout  specified  operating  conditions. 

6.  Allow  for  a  simplified  and  more  economical 
method  of  installation. 

With  a  figure-8  cable,  the  fiber  cable  is  bonded 
or  clipped  to  the  messenger  and  strain  may  be 
coupled  from  the  messenger  to  the  cabled  fibers 
during  manufacturing,  installation,  or  under  load. 
The  standard  fiberglass  reinforced  plastic  messen¬ 
ger  material  makes  for  a  stiff  cable  that  is 
difficult  to  work  with. 

In  regard  to  concentric  cables,  the  standard  design 
consists  of  multiple  buffer  tubes  stranded  around 
a  central  member  with  an  increased  cross-sectional 
tensile  rating.  When  hardware  is  applied  to  a 
concentric,  it  must  wrap  arouivl  the  cable  and  may 
create  compressive  problems  with  the  fibers.  If 
compression  is  not  uniform,  the  buffer  tubes  may 
shift.  Another  concern  with  a  concentric  design 
is  vibration.  These  cables  are  subject  to  both 
galloping  and  aeolian  vibration. 

In  order  to  overcome  the  shortcomings  of  these 
desiqns  and  meet  the  primary  requirements  of  a 
self-supporting  aerial  cable,  Siecor  and  United 
Ropeworks  have  developed  a  pre-st randed  self- 
supporting  aerial  cable.  The  pre-stranded  design 
eliminates  the  negative  aspects  of  previous  desiqns 
while  providing  the  desired  benefits.  The  cable 
is  constructed  by  helically  wrapping  a  fiber  optic 
cable  around  a  polyethylene  jacketed  Kevlar  mes¬ 
senger.  There  is  no  physical  bonding  between  the 
two  as  with  the  f.gure-8  and  it  is  a  torque 
balanced  system.  The  system  is  designed  so  that 
the  messenger  takes  the  tensioninq  during  instal¬ 
lation  as  well  as  under  worst  case  loadings.  Thus, 
the  fibers  remain  in  a  virtually  strain-free  state 
throughout  operation.  Also,  the  helical  design 
makes  the  cable  very  aerodynamical ly  stable.  It 
is  se 1 f -dampen i ng ,  reducing  galloping  and  aeolian 
vibration.  The  hardware  is  designed  to  attach  to 
the  messenger  without  putting  compress i ve  forces 
on  the  fiber  ..ptic  cable.  The  system  is  capable 
of  containing  up  to  19?  fibers,  is  loose  tube,  is 
al 1-dielec* ric  ,  is  fully  specified  for  operation 
nver  the  required  temperature  ranqe.  and  simple 
and  economic  to  install. 
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Construction  &  Tensile  Test 


The  Siecor  cable  was  stranded  around  a  Phillystran 
messenger  in  a  production  facility  and  tested  for 
messenger  strain,  fiber  strain,  attenuation  and 
messenger  loading.  A  100  meter  tensile  test  bed 
was  utilized.  The  loose  tube  fiber  optic  cable 
was  stranded  around  a  similarly  sized  Philly¬ 
stran  messenger.  The  excess  length  of  cable  to 
messenger  was  pre-determined.  The  degree  of 
excess  length  is  a  function  of  the  sag  and  tension 
requirements  of  the  end  user. 

The  purpose  of  the  long  length  tensile  test  was 
to  determine  the  optical  and  mechanical  perfor¬ 
mance  of  the  pre-stranded  system  while  being 
subjected  to  loading  conditions  approaching  the 
ra?nd  breaking  strength  of  the  messenger. 

,  See  f i gure  1 .  ) 

Test  Installation 


The  purpose  of  this  test  is  to  determine  the  long 
term  optical  and  mechanical  performance  if  the 
pre-stranded  Phillystran  messenger  while  being 
subjected  to  extreme  loading  conditions  indica¬ 
tive  pt  an  actual  installation. 

A  long  term  test  was  set  up  at  United  Popework '  s 
facility  in  Mont  ogomeryv  i  1  le ,  PA.  Tin-  test 
equipment  at.  this  facility  monitors  wind  speed, 
wind  direction,  temperature  and  messenger  load¬ 
ing.  Attenuation  is  monitored  during  peak 
i  lading  '.'editions.  The  15400  pound  ph  i  1  1  ystraii 
messenger  was  installed  on  a  650  foot  test  span 
with  rplaMve  ease.  The  cable  payoff  ind  sheave 
wheel  handlinq  characteristics  were  identical  to 
'.hat  el  a  standard  aerial  table.  The  15400  pound 
:ih  !  I  I  yi-t  ran  messenger  was  installed  at  13/5  pounds 
wh ■ - h  resulted  in  an  installation  sag  nt  approxi¬ 
mately  '  "inter.  When  subjected  t  .  NTS!.  Class  1 
heavy  lcidmq  i  nnd  i  t  ions ,  tin-  cable  tension  will 
mi  reuse  to  approx  imat e  1  y  350b  pounds  with  a  re¬ 
sultant  sag  of  4  meters. 


to  Hi'  I  us  i  ins 

The  current  specifications  require  a  maximum  ser¬ 
vice  load  of  no  greater  than  25%  of  the  rated 
breaking  strength  of  the  messenger,  equivalent  to 
3350  pounds.  At  this  load  no  fiber  strain  or 
change  in  attenuation  was  evident.  The  test  was 
terminated  at  75%  PBS  simp  the  ram  travel  had 
been  maximized.  The  maximum  messenqer  strain  was 
approx i mate  1 y  1.5%  at  the  75%  RBS  loading  level. 

The  installed  Pre-Stranded  Optical  System  (P-S0S  ) 
exhibited  virtually  no  aeolian  vibration  or 
galloping  when  subjected  to  either  calm  or  turbu¬ 
lent.  wind  ronditions.  Thp  HV  conductors  in  the 
background  exhibited  more  movement  than  the  pre- 
stranded  cable.  The  pre-stranded  design  minimizes 
vibration  due  to  the  counteracting  resonant  fre- 
guenrips  of  the  fiber  optic  cable  and  messenger . 


Commerc i a  1 /I  ns t  a  1  I  at i on  Cons i derat  ions 

To  be  of  value,  it  is  not  enough  for  the  pre- 
stranded  system  to  oe  technically  superior  to 
previous  designs.  It  must  also  be  economic  and 
simple  to  install  when  compared  to  the  tradi¬ 
tional  lashing  metlnds.  In  some  cases,  it  may 
be  a  moot  point  do  to  the  inability  of  steel 
to  meet  the  requirements.  An  example  would  be 
installations  with  span  lengths  in  excess  of 
?,000  feet.  In  most  cases,  however,  direct 
comparisons  are  necessary. 

The  raw  material  cost  of  the  pre-stranded  system 
will  usually  be  greater  than  the  cost  of  a  steel 
messenger,  a  fiber  optic  cable,  and  the  lashing 
wire.  This  is  driven  by  the  higher  cost  of  kevlar 
vice  steel.  The  labor  cost  of  installing  the 
pre-stranded  system  will  be  less  than  lashing  a 
cable  to  a  dedicated  messenger.  It  takes  approxi¬ 
mately  the  same  amount  of  time  to  completely 
install  the  self-supporting  system  as  it  does 
to  install  the  messenger  in  a  lashing  process. 
Becuase  of  this,  actual  installation  cost  esti¬ 
mates  for  the  pre-stranded  system  have  typically 
been  35  to  50%  less  than  lashing.  This  savings 
more  than  compensates  for  the  hiqher  product  cost. 

During  i  recent  installation  of  the  pre-stranded 
system,  the  user  pulled  in  a  4.1km  reel  of  the 
product  ini  1/?  hours.  It  was  estimated  that  all 
things  being  equal,  a  lashing  operation  would  have 
taken  a  minimum  of  i  days. 

Summary 

Sunor,  in  conjuctinn  with  United  Ropewurks  has 
developed  a  pre-stranded  aerial  cable  which  can 
be  utilized  for  virtually  all  a, rial  span  appli¬ 
cations.  Vibration  nroblems  .;■(  minimized  due  to 
the  pre-stranded  design  and  the  all  dielectric 
construction  is  ideal  for  HV  applications.  A 
variable  messenger  tensile  rating  allows  the 
cable  to  be  tailjred  to  the  customers  exact  re¬ 
quirements  while  fiber  counts  up  to  192  are 
readily  available  for  both  single  mode  and  multi¬ 
mode  fiber  types.  The  pre-stranded  cable  is  com¬ 
plemented  by  specially  designed  dead  end  and 
suspension  hardware  wh i  h  will  not  alter  the 
optical  or  mechanical  integrity  of  the  cable 
under  specified  loading  conditions.  Typically, 
a  36-50%  savings  on  installation  costs  ran  be 
expected  when  compared  to  an  equivalent  per¬ 
formance  dedicated  steel  messenger  installation. 
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HIGH  VOLTAGE  OVERHEAD  POWER  LINES 
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ABSTRACT 

The  requirements  of  a  self  supporting  cable  for 
high  voltage,  overhead  power  line  application 
are  discussed.  The  novel  design  of  one  such 
optical  communication  system  which  can  be 
installed  on  live  systems  is  presented. 
Developments  of  this  metal-free,  self  supporting 
cable  and  associated  jointing  and  splicing 
techniques  are  described  together  with 
installation  procedures.  Optical  and  mechanical 
performance  details  of  the  complete  transmission 
system  are  outlined 

The  key  problems  of  the  product  development  are 
considered  and  the  reasons  for  the  design 
choices  are  discussed.  The  cable  consists  of  a 
specially  shaped  pultruded  rod  strength  member 
containing  optical  fibres  in  ribbon  form.  A 
track  resistant  material  is  used  to  sheath  the 
cable.  Results  of  calculations  of  electrical 
fields  to  be  endured  in  service  and  clearance  to 
phase  conductors  under  a  range  of  environmental 
loadings  are  presented. 


1.  INTRODUCTION 

Since  the  advent  of  optical  fibres,  the 
advantages  of  interference  free  operation  have 
encouraged  the  installation  of  optical 
telecommunications  on  power  lines.  The  high 
voltage  power  transmission  and  distribution 
system,  a  network  reaching  every  population 
centre  and  industrial  area,  can  now  offer 
alternative  telecommunication  routes  for  the 
electrical  utilities  or  for  common  carriers. 

The  development  of  products,  designed  to  meet 
the  demanding  conditions  of  aerial  installation 
on  power  lines,  have  made  power  based 
telecommunication  networks  a  practical  and 
economical  proposition. 

It  is  unlikely  that  an  electrical  utility  would 
require  more  than  six  fibres  for  its  own  use  but 
the  use  of  power  lines  for  long  haul,  wide  band 
telecommunications  is  becoming  quite  common. 

The  ability  to  choose  any  number  of  fibres  up  to 
say,  twenty  four,  should  accommodate  a  wide 
range  of  requirements.  The  electrical  utility 
may  itself  become  a  carrier,  may  enter  joint  use 
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agreements  or  may  offer  the  wayleave  to  an 
established  carrier.  Such  a  cable  could  be  used 
for  a  wide  variety  of  communications  which  may 
vary  from  a  very  basic  four  channel  power  system 
protection  signalling  scheme  on  one  pair  of 
fibres  up  to  twelve  fully  equipped  565  Mb/s 
systems . 

There  are  existing  methods  for  installing 
optical  cables  on  power  lines.  One  well 
documented  solution  is  the  use  of  a  composite 
overhead  line  conductor  which  contains  optical 
fibre.  In  general,  however,  it  is  too  expensive 
to  use  except  during  reconductoring  or  on  new 
lines.  Attaching  optical  cables  to  the  outside 
of  existing  power  line  conductors  can  be 
economic  in  some  cases  but  their  mechanical 
vulnerability  and  inability  to  be  separated  from 
the  power  system  operation  can  be  problematic. 

Self-supporting,  metal-free  cables  are  totally 
independent  of  the  power  function  of  the  network 
and  can  be  installed  more  cheaply  and  with  less 
disruption  than  composite  conductors.  The 
recent  development  of  one  such  cable  gives  an 
economic  solution  for  communications  on  existing 
high-voltage  lines.  This  paper  describes  the 
key  requirements  of  such  an  optical  cable  and  a 
unique  design  which  meets  them.  This  cable, 
together  with  its  installation  accessories  and 
equipment,  is  now  fully  developed. 

2.  DESIGN  CRITERIA 

The  following  is  a  list  of  criteria  which  this 
self-supporting  cable  was  designed  to  meet: 

To  operate  singlemode,  1300  nm  with  an 
installed  attenuation  of  less  than  0.5  dB/km 
in  any  expected  service  conditions; 

To  have  a  potential  1550  nm  capability; 

To  contain  any  number  of  fibres  up  to  24; 

To  have  a  predicted  life  in  excess  of 
25  years; 

To  be  manufactured  in  lengths  of  up  to  4  km; 

To  minimise  costs  of  materials,  manufacture 
and  installation; 
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To  use  materials  already  commercially 
available  and  technically  proven; 

To  permit  rapid  installation  using 
lightweight  equipment  and  near  standard 
overhead  line  techniques; 

To  be  non-metallic  so  as  to  maintain  phase 
isolation  from  earth  and  ease  route 
installation  without  power  disruption; 

To  be  used  on  spans  up  to  540  m  with  either 
simultaneous  loadings  of  380  N/m2  wind 
and  12.5  mm  ice  radial  or  with  960  N/m2 
wind  only; 

To  be  installed  low  on  the  structure  with 
small  sags  so  that  ground  clearance 
regulations  can  be  met  and  to  minimise  the 
possibility  of  clashing  with  conductors; 

To  minimise  cable  diameter  so  as  to  reduce 
tower  loadings  and  avoid  tower  reinforcement; 

To  be  smooth  and  circular  to  avoid 
aerodynamic  instability; 

To  be  non- deformable  so  as  to  maintain 
physical  isolation  of  fibres  from  clamping 
forces  and  protect  from  handling  damage; 


by  the  ribbons  forming  a  smooth  sine  wave  along 
the  slot.  This  has  the  effect  that  at  normal 
working  tensions  the  optical  fibres  are 
completely  free  from  strain.  At  maximum  working 
tension  the  fibres  see  a  maximum  strain  of 
0.25%.  This  is  around  a  third  of  the  fibre 
proof  strain  and  is  quite  compatible  with  a 
cable  life  in  excess  of  25  years.  The  cable  is 
constructed  in  such  a  way  tnat  the  application 
of  a  0.25%  longitudinal  fibre  strain  does  not 
increase  the  fibre  attenuation.  This  has  been 
confirmed  during  type  approval  testing. 

A  soft  hydrophobic  compound  is  used  to  fill  the 
slot  volume.  This  compound  allows  ribbons  to 
move  up  and  down  and  thus  use  the  excess  fibre 
when  the  cable  is  tensioned  and  to  recover  when 
tensions  are  released.  A  continuous  cap  seals 
the  ribbons  and  filling  compounds  in  the  slot 
and  protects  the  fibres  when  the  sheath  is  cut 
away  for  termination.  The  cap  is  held  in 
position  with  a  binder  yarn. 

The  sheath  material  chosen  has  the  physical 
properties  required  to  enable  clamping  using 
spiral  preforms  chat  do  not  stress-concentrate 
and  so  avoid  fatigue  damage  or  crush  damage 
(4.3).  The  sheath  is  also  stable  to  U.V. 
radiation  and  resistant  to  damage  caused  by  the 
cable's  electrical  environment. 


To  provide  easy  fibre  access  for  jointing  in 
the  field; 

To  be  fully  filled  so  as  to  prevent  water 
condensation  and  electrical  degradation 
within  the  sheath; 

To  withstand  the  electrical  environment  seen 
in  service; 


The  cable  is  of  a  density  and  diameter  which 
allow  the  use  of  low  cost  spiral  vibration 
dampers.  These  have  proved  fully  effective  in 
preventing  aeolian  vibration. 

Tables  1  and  2  present  the  principal 
characteristics  of  the  cable. 

Table  1.  Cable  Technical  Data 


To  show  negligible  creep  so  as  to  maintain 
sags  and  tension; 

To  be  torsionally  stable  to  simplify 
installation . 

3 .  DESIGN  IMPLEMENTATION 

The  cable  construction  is  illustrated  in 
Figure  1.  The  strength  member  consists  of  a 
single  pultruded  glass  reinforced  plastic  (grp) 
rod.  A  slot  in  the  rod  provides  the  location 
for  the  optical  fibres.  A  rod  with  an  outside 
diameter  of  10  mm  has  been  found  to  be  optimum 
for  the  United  Kingdom,  giving  sufficient 
strength  without  being  too  stiff. 

A  high  fibre  packing  density  has  been  achieved 
by  using  a  ribbon  element.  A  ribbon  consists  of 
up  to  twelve  fibres  and  two  such  ribbons  may  be 
accommodated  within  the  slot  in  the  strength 
member.  Each  fibre  of  the  ribbon  is 
individually  inked  for  identification.  During 
cable  manufacture  the  fibre  ribbons  are  fed  into 
the  slot  in  such  a  way  that  each  is  0.52%  longer 
than  the  strength  member.  This  is  accommodated 


Cable  Weight 

220  kg/km 

Outer  Diameter 

13 . 0  mm 

Typical  Minimum  Bend  Radius 

500  mm 

Storage  Bend  Radius 

700  mm 

Maximum  Working  Tension 

22.5  kN 

Minimum  Ultimate  Tensile  Strength 
Minimum  Tension  Without  Sheath 

65  kN 

Slippage 

Minimum  Strength  Member  Tensile 

45  kN 

Modulus 

47.5  kN/mm2 

Thermal  Coefficient  of  Exp  nsion 

5.2xl0“‘/°C 

Minimum  Excess  Fibre  Length 

Maximum  Fibre  Strain  at  Maximum 

0.45% 

Working  Tension 

0.25% 

Operating  Temperature  Range 

- 40°C  to  70°C 

Maximum  Number  of  Fibres 

24 

450  International  Wire  &  Cable  Symposium  Proceedings  1987 


Table  2.  Cable  Characteristics 


In  temperate  climates 

(12.5  mm  radial 

ice  -♦  88  km/h 

wind) 

Span  (m) 

300  400 

500 

550* 

720* 

Minimum  Normal 

Working  Sag  (m) 

1.5  4.2 

12.2 

18.0 

42.4 

Ice  loaded  Sag 

(m)  6.6  12.9 

21.7 

27.0 

50.0 

In  tropical  climates  (no  ice  h 

►  135 

km/h  wind) 

Span  (m) 

400  500  600 

700 

800+ 

1000* 

Min.  Normal 

Working  Sag  (m) 

2.3  4.3  8.1 

15.0 

25.0 

50.9 

+  Maximum  span  likely  on  normal  pylon 
*  Maximum  span  likely  on  canyon  or  river 
crossings 

3 . 1  Optical  Characteristics 

Comprehensive  testing  of  the  cable’s  optical 
performance  has  been  satisfactorily  carried  out 
under  a  wide  range  of  conditions.  The  most 
important  of  these  are  temperature  cycling  and 
mechanical  load  cycling.  Figure  2  shows  a 
schematic  of  measured  strain  against  load  for  a 
cable  sample  up  to  22500  N.  The  associated 
fibre  strain  which  peaked  at  0.23%  is  also 
shown.  In  this  particular  test  the  optical  loss 
increased  but  remained  below  the  target  level  of 
0.5  dB/km.  On  mechanical  relaxation  the  loss 
returned  to  its  original  value.  The  effect  of 
temperature  cycling  on  the  optical  loss  of  the 
cable  on  its  storage  drum  has  been  measured 
between  - 40°C  and  80°C.  A  target  of  loss 
remaining  below  0.5  dB/km  has  been  set.  This 
target  has  sometimes  been  exceeded.  However, 
with  new  production  techniques  this  should  soon 
be  guaranteed  on  all  such  cables. 

To  gain  confidence  in  the  all-weather  optical 
performance  a  prototype  cable  sample  has  been 
installed  on  a  CEGB  overhead  test  line  in 
southern  England  which  has  been  used  for  800  kV 
development  work.  This  has  a  central  span  of 
366  m  and  corresponding  half  spans  at  either  end 
terminated  by  tension  stub  towers.  The  sample 
has  been  strung  using  materials  and  techniques 
described  in  section  4  and  has  been  monitored 
for  attenuation  variation  and  mechanical 
behaviour  for  just  over  a  year.  Wind  speed  and 
direction,  temperature,  humidity  and  cable 
tension  have  also  been  continuously  monitored. 
Attenuation  has  shown  minimal  dependence  on 
weather  conditions  and  performance  has  exceeded 
expectations . 

3 ■ 2  The  Strength  Member 

A  pultruded  glass  reinforced  plastic  was 
selected  as  the  all  dielectric  strength  member 
for  a  number  of  reasons.  It  has  a  high  modulus. 


both  longitudinal  and  lateral  and,  unlike 
DuPont’s  aromatic  polyamide  fibre,  Kevlar,  can 
withstand  high  clamping  forces.  It  is  also  less 
prone  to  creep  than  other  dielectric  strength 
members.  Conventional  pultrusion  technology 
also  allows  any  cross  sectional  geometry  to  be 
chosen.  Other  advantages  include  low 
coefficient  of  thermal  expansion  and  inherent 
torque  balance. 

A  wide  range  of  manufacturers'  products  has  been 
tested  in  the  extensive  technical  and  quality 
programmes  carried  out.  In  particular,  the  long 
term  reliability  of  the  strength  member  is  of 
concern  to  users.  Some  work  has  already  been 
carried  out  on  glass/resin  systems. 1*2  in 
addition  to  this,  a  substantial  programme  of 
work  has  been  performed  at  University  College, 
Cardiff  on  candidate  materials.  The  effects  of 
long  term  ageing  in  both  wet,  dry  and  cycled 
environments  on  ultimate  tensile  strength  and 
minimum  bend  radius  have  been  assessed.  This 
data  has  been  used  to  estimate  product  lifetime 
and  to  choose  the  best  sources  for  high  quality 
rod.  It  has  also  been  used  to  define  rigorous 
quality  assurance  procedures  for  use  under 
production  conditions. 

3 . 3  Ageing  by  Electrical  Processes 

By  the  nature  of  its  application  the  cable  has 
to  survive  ir.  a  high  voltage  environment. 
Potential  gradients  exist  in  the  regions  between 
each  of  the  phase  conductors  which  result  in  a 
field  gradient  along  the  length  of  the  cable 
near  to  the  towers.  If  suitable  precautions  are 
not  taken,  capacitively  induced  currents  on  the 
surface  of  a  wet  or  dirty  cable  can  cause  sheath 
damage  and  ultimately  cable  failure. 

Induced  currents  within  the  cable  are  prevented 
by  using  only  quality  pultruded  rod  with  no 
detectable  voids  and  complete  filling  of  the 
fibre  slot  during  manufacture. 

Results  of  calculations  on  the  worst  case 
longitudinal  field  seen  by  a  cable  hung  mid-way 
between  the  bottom  four  phase  conductors  of  a 
typical  400  kV  double  circuit  UK  tower 
construction  are  presented  in  Figure  3.  Also 
shown  is  the  greater  field  resulting  when  only 
one  of  the  circuits  is  energised.  The  cable  is 
hung  in  this  porition  to  gain  the  maximum 
benefit  from  phase  cancellation  (Section  4.1). 
The  maximum  magnitude  of  the  transverse  field 
has  also  been  calculated  as  5  kV  m-1  which 
is  insufficient  to  damage  the  cable. 

Calculations  suggest  that  currents  of  the  order 
of  10  mA  would  be  capacitively  induced  on  a 
metal  free  cable  with  a  wet  or  dirty 
(conducting)  surface.  A  current  of  this 
magnitude  is  sufficient  to  cause  surface 
tracking  and  presents  a  severe  threat  to  a 
poorly  designed  cable*5  Two  solutions  to  this 
problem  have  been  considered.  Firstly  attempts 
can  be  made  to  reduce  the  current.  Techniques 
such  as  isolation  of  cable  clamps  from  earth, 
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4.  INSTALLATION 


forms  of  shedding  and  local  protection  by 
smearing  silicone  grease  over  the  cable  fall 
into  this  category.  The  drawbacks  of  these 
schemes  include  added  expense,  maintenance 
requirements  and  the  possibility  of  incorrect 
installation.  Secondly  choose  a  sheath  material 
which  will  resist  degradation  by  the  surface 
currents.  Such  a  sheath  may  be  semiconducting, 
so  that  surface  currents  are  dispersed  in  its 
bulk.  This  avoids  the  damaging  high  local 
current  densities  associated  with  dry  band 
arcing  and  tracking.  Alternatively  select  an 
insulating  material  resistant  to  damage  by 
surface  currents.  It  is  this  latter  option  that 
has  been  adopted  for  this  cable. 

Standard  tracking  tests  such  at  IEC  112, 
comparative  tracking  index,  and  ASTM  D2303, 
inclined  plane  test,  have  been  found  useful  for 
roughly  ordering  the  performance  of  materials. 
However  such  tests  do  not  model  service 
conditions  closely  enough  to  give  data  suitable 
for  evaluating  long  term  product 
performance5.  Larger  scale  laboratory  tests 
have  been  developed  to  compare  materials 
performance  on  extruded  cable  samples.  A 
schematic  of  the  aoparatus  used  is  shown  in 
Figure  4.  In  these  experiments  a  voltage  is 
applied  to  electrodes  on  the  cable  surface.  The 
cable  is  then  regularly  sprayed  with 
electrolyte.  Both  the  nature  of  the  electrolyte 
and  electrodes  is  found  to  be  important  in 
promoting  damage.  In  most  cases  to  reduce  the 
time  taken  for  degradation  to  begin,  graphite 
electrodes  and  a  high  conductivity  solution  are 
used.  These  facilities  have  also  enabled 
investigations  into  the  effects  of  various  types 
of  foreign  matter  on  the  cable  surface.  These 
effects  have  also  been  found  to  be  dependent  on 
the  sheath  material.  In  this  manner  a  number  of 
possible  sheathing  materials  has  been  identified. 

To  reinforce  knowledge  gained  from  laboratory 
tests  an  outdoor  275  kV  facility  at  Brighton 
Insulator  Test  Centre  on  the  south  coast  of 
England  has  been  used  to  age  some  samples  in  an 
environment  more  closely  related  to  service 
conditions.  16  m  lengths  of  cable  have  been 
hung  parallel  to  a  10  m  long  conductor 
maintained  at  160  kV  to  ground,  50  Hz  at  a 
distance  of  1  m.  Cables  were  suspended  using 
the  clamps  described  in  Section  4.3. 

Calculations  show  that  the  greatest  field 
gradient  experienced  by  this  cable  is 
approximately  five  times  greater  than  that  seen 
on  a  400  kV  tower.  Extrapolating  to  a  wooing 
stress  from  accelerated  tests  to  define  a 
minimum  product  life  time  is  a  formidable 
task^.  However,  intense  testing  has  given 
great  confidence  in  the  performance  of  the 
sheath  material  currently  being  used  for  the 
product . 


4 . 1  Tower  Fixing 

There  is  a  number  of  requirements  which  have  a 
bearing  on  where  to  fix  the  cable  on  towers 
which  were  originally  designed  exclusively  for 
supporting  high  voltage  metallic  phase 
conductors  and  an  earth  conductor. 

First,  minimum  ground  clearance  must  be 
maintained  on  each  span  under  worst  case 
conditions.  In  the  UK,  statutory  requirements 
are  contained  within  the  Electricity  (Overhead 
Lines)  Regulations  1970.  These  require,  for  new 
lines,  a  minimum  clearance  for  cables  of  5.8  m 
over  any  road  accessible  to  vehicular  traffic. 
This  is  less  than  the  minimum  height  for  line 
conductors  (which  varies  from  6.7  m  at  132  kV  to 
7.3  m  at  400  kV)  which  permits  the  possibility 
of  fixings  on  towers  slightly  lower  than  the 
fixing  levels  of  the  lowest  phase  conductor  for 
equal  worst  case  sags  of  tne  optical  cable  and 
the  phase  conductor. 

Second,  tower  loadings  must  be  minimised.  The 
maximum  working  tension  is  22.5  kN  under  worst 
case  environmental  loading  (Table  1) .  Normal 
working  tensions  are  in  the  range  6  kN  -  10  kN. 
Whilst  these  loadings  are  low  in  comparison  with 
those  of  the  phase  conductors,  their  effect  will 
be  minimised  by  locating  the  cable  as  low  as 
practicable  within  the  main  body  of  the  tower. 
Individual  tower  steel  work  configuration  around 
the  lower  cross  arm  level,  and  the  possible  need 
to  strengthen  an  individual  member,  will 
influence  the  precise  location  of  the  cable 
attachment . 

Third,  the  possibility  of  the  cable  being  blown 
out  to  touch  any  of  the  phase  conductors  must  be 
negligible.  A  computer  programme  has  been 
developed  to  assess  this  situation  and  shows 
that  for  the  various  high  voltage  towers 
employed  in  the  UK,  this  requirement  can  be  met 
even  for  the  longest  spans  and  worst  weather 
conditions . 

Finally,  the  installation  must  be  possible  under 
live  working  conditions.  In  the  most  demanding 
case  when  working  with  both  circuits  live,  this 
implies  working  below  the  level  of  the  bottom 
cross  arm  and  within  the  tower  body 
symmetrically  spaced  between  each  circuit. 

Figure  5  show*,*  the  preferred  location  on  two 
tower  types  employed  widely  in  the  UK. 

4 .2  Cable  Sag  and  Tension 

The  physical  characteristics  of  the  g.r.p 
strength  member  and  a  typical  metallic  phase 
conductor  are  different.  They  therefore  respond 
differently  to  variations  of  temperature,  ice 
loading  and  wind.  The  maximum  cable  sag,  for 
example  for  a  phase  conductor  is  at  high 
temperatures  whereas  for  the  optical  cable  it  is 
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just  below  freezing  point  with  full  ice  loading. 

When  considering  a  particular  span,  a  knowledge 
of  the  maximum  allowable  cable  sag  enables  the 
installation  tension  to  be  calculated  over  a 
small  range  of  possible  installation 
temperatures.  For  long  spans,  a  further  check 
is  then  made,  using  a  specially  developed 
programme,  to  ensure  that  no  clashing  will  occur 
between  the  cable  and  the  phase  conductors  when 
subject  to  high  winds  (with  and  without  ice 
loading)  and  a  wide  range  of  temperatures. 

4  .  3  Suspension  Arrangements 

The  terminal  clamp  is  a  galvanised  steel 
preformed  spiral  design  about  1.2  m  long  as  used 
within  the  electricity  industry.  Preformed 
spiral  reinforcing  rods  are  employed  beneath  the 
clamp  to  distribute  the  compressive  load  over  an 
adequate  cable  length.  The  clamp  holds  the 
cable  without  slipping  up  to  a  tensile  load  of 
at  least  45  kN.  The  requirements  of  BS  3288 
have  been  met  in  this  respect.  This  clamp  is 
employed  at  all  tension  towers. 

The  suspension  clamp,  made  of  aluminium  alloy, 
is  also  a  preformed  spiral  design  fitted  over 
reinforcing  rods  about  1.8  m  long.  It  is  used 
at  all  intermediate  suspension  towers.  The 
central  pick-up  bracket  has  neoprene  inserts  to 
provide  further  cushioning  to  the  cable.  The 
clamp  provides  a  limited  slip  facility  to 
prevent  cable  damage  in  the  event  of  significant 
differential  loading  on  each  side  of  the  clamp 
due,  for  example,  to  unequal  ice  loadings  or 
tower  movement. 

Aeolian  vibration,  induced  by  wind  blowing 
transversely  across  the  tensioned  cable,  could 
give  rise  to  cable  fatigue  at  the  interface  with 
the  clamp.  This  is  countered  by  the  application 
of  a  proprietary  light  weight  helical  damper 
made  of  high  impact  track  resistant  material. 

One  or  two  dampers,  depending  on  the  span 
length,  are  fitted  at  each  end  of  the  span, 
adjacent  to  the  clamp. 

4 . 4  Stringing 

Continuous  tension  stringing,  a  technique  used 
for  conductor  installation,  has  been  adopted  to 
pull  in  up  to  4  km  of  the  cable.  This  ensures 
that  the  cable  does  not  come  into  contact  with 
the  ground  or  any  potentially  damaging  obstacle 
during  the  pulling  in  process. 

The  necessary  back  tension  is  effected  by 
hydraulically  controlled  torque  arms  operating 
on  the  flanges  of  the  cable  pay  off  drum.  Up  to 
6  kN  back  tension  can  be  applied. 

The  winch  is  a  double  bull  wheel  capstan 
hydraulically  controlled  to  provide  up  to  20  kN 
bond  tension.  Tension  monitoring  and  automatic 
cut  out  facilities  are  provided.  A  total  of 
4  km  of  low  stretch  rope  bond  is  carried  on  two 
drums . 


Running  out  blocks  are  first  positioned  at  or 
near  the  clamp  position  on  each  tower  in  the 
cable  section  to  be  strung.  These  are  600  mm 
diameter  aluminium  alloy  low  friction  sheave 
blocks  with  neoprene  lined  grooves. 

Approximately  500  m  lengths  of  small  diameter 
polyester  pilot  rope  are  walked  into  position 
along  the  route  and  connected  together  over  the 
blocks.  One  end  is  connected  to  the  main  bond 
on  the  winch  and  the  other  to  an  empty  pilot 
reel  fitted  to  an  auxiliary  drive  on  the 
tensioner,  which  now  operates  as  a  reel  winder 
pulling  in  both  the  pilot  rope  and  the  main  bond 

The  main  bond  is  connected  to  the  cable  via  a 
secure  clamp  and  swivel  and  the  winch  pulls  the 
main  bond  and  cable  into  position. 

One  cable  section  may  contain  a  number  of 
tension  sections  comprising  one  or  more  spans 
between  tension  towers.  These  are  progressively 
tensioned  and  clamped  off,  starting  at  the 
section  remote  from  the  winch  end.  Conventional 
optical  sighting  techniques  are  used  to  measure 
the  sag  on  a  selected  span  within  each  tension 
section.  As  the  creep  of  the  cable  is  very  low, 
no  compensation  has  to  be  made  for  this  effect, 
as  is  necessary  for  the  metallic  phase 
conductors . 

Safety  is  a  prime  concern  during  the  stringing, 
particularly  when  one  or  both  circuits  are 
live.  A  detailed  written  Code  of  Practice  must 
be  agreed  between  the  Contractor  and  the 
Authority  prior  to  commencement  of  any  on-site 
work . 

4 . 5  Cable  Jointing 

Joint  housings  are  required  at  splices  between 
either  successive  lengths  of  aerial  cable  at 
intermediate  angle  towers  or  aerial  cable  and 
the  non-metallic  underground  cable  (normally 
used  for  building  entry)  at  terminal  towers. 

In  the  first  case,  lengths  of  up  to  4  km  both 
minimise  the  total  number  of  joints  required  on 
a  given  route  and  provide  greater  flexibility  in 
selecting  the  most  accessible  intermediate  angle 
tower  for  locating  the  joint. 

In  both  cases,  cable  jointing  and  fibre  splicing 
are  performed  at  ground  level.  The  joint 
housing  is  then  positioned  on  a  tower  leg  well 
above  the  climbing  guard.  Shotgun  protection  is 
provided  by  locating  the  housing  within  a 
galvanised  steel  tube  fixed  to  the  tower  leg 
(Figure  6) . 

The  housing  itself  comprises  a  hard  plastic 
cylindrical  shell  closed  at  one  end.  The  other 
end  heat  shrinks  down  over  the  two  entry 
cables.  Up  to  24  splices  can  be  accommodated 
within  the  overall  shell  dimension  of  540  mm  x 
100  mm  diameter. 
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In  the  unlikely  event  of  splice  failure,  the 
housing  can  be  re  entered.  Access  for  repair 
work  is  facilitated  as  each  spliced  fibre  is 
coiled  within  its  own  plastic  envelope  and 
suitably  designated. 

4  6  Splicing  and  Testing 

Fibre  splicing  is  required  at  external  joint 
housings  and  termination  (splitter)  boxes  within 
the  building  where  the  Optical  Line  Terminating 
Equipment  is  installed.  At  both  locations  arc 
fusion  welding  is  employed  to  ensure  maximum 
long  term  splice  stability. 

An  Optical  Time  Domain  Ref lec tometer  (OTDR)  is 
used  to  evaluate  each  splice  in  a  joint  housing 
before  the  housing  is  closed.  Fibre  end  to 
fibre  end  (or  connector  to  connector)  losses  are 
measured  conventionally  with  a  stabilised  light 
source  and  power  meter  to  complete  the  optical 
testing . 


5.  CONCLUSIONS 

A  need  has  been  identified  for  a  self-supporting 
optical  cable  which  can  be  installed 
economically  on  existing  high  voltage  power 
lines . 

The  requirements  of  such  a  cable  have  been 
identified:  it  must  have  good  optical 
performance;  it  must  cope  with  long  spans  and 
maintain  clearances  to  phase  conductors  and 
ground  during  ice  and  wind  loading  without 
compromising  the  support  structures;  it  must  be 
compatible  with  its  environments  including  high 
electric  fields. 

These  requirements  have  been  met  by  the 
development  of  a  13  mm  diameter  cable  consisting 
of  a  pultruded  grp  strength  member,  slotted  to 
house  ribbons  of  optical  fibre,  all  sheathed  in 
a  track  resistant  material.  Up  to  24  fibres  can 
be  contained  in  one  cable.  A  comprehensive 
range  of  qual i f : cat  ion  testing  has  been 
completed . 

An  installation  procedure  has  been  devised  which 
permits  stringing  without  circuit  interruption. 
For  completeness,  a  full  range  of  terminal  and 
suspension  clamps,  vibration  dampers,  joint 
housings  and  other  ancillary  equipment  has  been 
developed  and  tested. 
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Load-Strain  Plot  for  Cable  and 
Associated  Strain  for  Fibres 


Figure  3. 

Location  of  Self  Supporting  Cable  on 
Towers 


Figure  b. 


Figure  3. 

Field  Gradients  Along  Cable  Away  From 
Clamp 
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Abstract 

An  OPGW  ( Opt  ’  ca ;  G’'Ourd  Wire)  ‘c  1.55  ..m  wave¬ 
length  operation  i.s’ng  cut-off  shifted  Dure  silica 
tee  s i ng’ e-moae  f'bers  has  oeen  developed.  It 
has  very  >cw  and  staple  transmission  loss  and  good 
long-term  reliability  at  1.55  „m  wavelength. 

This  work  so'.ed  the  cob'ems  concerning  the 
mieobenaing  'oss  at  nigh  temperature  and  loss 
increase  due  to  hydrogen  generation. 


1.  Introduction 

The  demand  to  make  repeater  spacing  as  long  as 
possible  is  strong  in  many  OPGW  transmission 
systems,  since  the  distance  between  two  substations 
is  often  very  long  and  repeaters  have  to  be 
eduipped  at  locations  difficult  for  installation 
and  maintenance.  The  1.55  um  wavelength  applica¬ 
tion  seems  to  be  suitable  for  that  purpose,  but 
two  problems  have  been  forseen  when  OPGW  is  used 
at  1.55  um  wavelength.  They  are  fiber  micro¬ 
bending  loss  at  high  temperature  and  loss  increase 
due  to  hydrogen  generation  (1).  These  problems 
may  arise  more  easily  in  OPGW  than  in  other  types 
of  optical  cable  because  the  fiber  in  OPGW  is 
confined  in  a  small  space  inside  an  aluminum  tube 
and  subjected  to  high  temperatures.  Therefore, 
development  of  an  OPGW  having  very  low  and  stable 
transmission  characteristics  at  1.55  um  wavelength 
is  greatly  needed.  Previously  we  presented  about 
the  low  loss  OPGW  with  pure  silica  core  single¬ 
mode  fiber  whose  design  in  optimized  for  1.3  um 
wavelength  operation  (2).  In  this  paper,  we 
propose  an  OPGW  with  newly  designed  cut-off 
shifted  pure  silica  core  single-mode  fibers,  which 
performs  best  in  1.55  um  wavelength  operation. 


2.  Fiber  Design 

The  conventional  pure  silica  core  single-mode 
fiber  parameters  are  summarized  in  Table  1.  The 
cut-off  wavelength  is  around  1.2  um,  which  enable 


us  to  use  the  fiber  at  1.3  um  wavelength  and 
possibly  at  1.55  um  wavelength.  But  when  only  the 
1.55  um  wavelength  operation  is  considered,  it  :s 
beneficial  to  shift  the  cut-off  wavelength  to  a 
longer  one  from  the  viewpoint  of  bending  resis¬ 
tance.  There  are  two  ways  to  shift  the  cut-off 
wavelength  to  a  longer  one.  One  is  to  make  the 
refractive  index  difference  An  larger,  the  other 
is  to  make  the  core  diameter,  or  mode  field  diam¬ 
eter  (MFD),  larger.  The  relationship  among  effec¬ 
tive  cut-off  wavelength  'ce.  An.  MFD  and  bending 
loss  (3)  is  shown  in  Figure  1.  By  using  this 
figure.  Lee  and  MFD  were  chosen  as  1.35  um  5  ce 
5  1.60  pm.  10.0  um  MFD  s  12.0  pm,  taking  the 
following  requirements  into  consideration: 

1)  Single-mode  operation  shall  be  secured  at 
1 . 55  um  wavel ength . 

2)  Dispersion  snail  be  less  than  21  ps/km/nm. 

3)  Bending  loss  shall  be  equivalent  or  smalle-- 
than  that  of  1.3  um  optimized  fiber  at  1.55  ..m 
wavelength. 

4)  MFD  shall  be  equivalent  to  that  of  1.3  „m 
optimized  fiber  at  1.55  pm  wavelength  from 
the  viewpoint  of  splicing  compatibility. 


Table  1  Fiber  Parameters  of  Pure  Silica  Core 
Single-Mode  Fiber  for  1.3  ,:m  Use 


Cere  diam.  2a 

8.1  /im 

Outer  diam.  0 

125  /im 

A 

0.3  % 

,p  Cut-off 
.  "  wavelength 

1.20/mi 

Mode  field  diaci. 

9.50/im 
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MFD  |AT  1.55/im  Wavelength)  l^m] 

Figure  1  The  Relationship  among  Refractive  Index  Difference,  Cut-Off  Wavelength, 
Mold  Field  Diameter,  Bending  Loss  and  Dispersion 


3.  Cable  Construction 


A  trial  OPGW  was  made  to  compare  the  performances 
of  the  three  types  of  single-mode  fibers.  Figure 
2  shows  the  construction  of  the  trial  OPGW.  It 
had  the  conventional  aluminum  spacer  construction 
and  contains  three  six-fiber  units  (A)  with  three 
different  types  of  fibers.  The  No.l  unit  was 
composed  of  single-mode  fibers  with  cut-off  shifted 
pure  silica  core,  the  No. 2  unit  was  composed  of 
1.3  um  optimized  single-mode  fibers  with  pure 
silica  core  and  the  No. 3  unit  contains  1.3  urn 


Aluminum-Clad 


OP 

unit 


optimized  single-mode  fibers  with  a  conventional 
germanium  added  core.  Table  2  shows  the  typical 
fiber  parameters.  The  cut-off  shifted  pure  silica 
core  single-mode  fibers  had  a  fluorine  added 
cladding  with  a  negative  index  difference  4  - 
0.34  the  effective  cut-off  wavelength  \ce  = 

1.46  urn,  the  mode-field  diameter  MFD  =  10.52  um 
at  1.55  urn  wavelength,  and  the  diameter  d  =  125  urn. 
It  was  fabricated  by  the  VAD  method  and  the  average 
transmission  loss  at  1.55  um  wavelength  was  0.19 
dB/krn. 


Heat-Resistant 
Plastic  Tape 

Strength  Member 

Silicone  Coated 
Optical  Fiber 


a.  OPGW(80mm!)  b.  Six-Fiber  Unit 

Figure  2  Construction  of  Trial  OPGW  and  Six-Fiber  Units 
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Table  2  Topical  fibe'  Parameters  of  Trial  Cable 


Unit 

No. 

Transmission  loss  (dB/km) 

Cut-off 

wavelength  (pm) 

Mode-field 
diameter  (pm) 
at  1 ,55pm 

Zero  dispersion 
wavelength  (pm) 

1 .3pm 

1.55pm 

1 

0.19 

1.46 

10.52 

1.28 

2 

0.34 

0.19 

1.27 

9.87 

1.29 

3 

0.37 

0.25 

1.20 

10.23 

1.32 

5i»  single-mode  optical  fibers  surround  on  FRP 
(Fiber  Reinforced  Plastic)  strength  member,  and 
then  are  wrapped  by  a  thin  heat-resistant  plastic 
tape.  The  outer  diameter  of  this  six-fiber  unit 
was  1.25  urn.  The  six-fiber  units  were  housed  in 
helically  grooved  slots  of  aluminum  spacer,  which 
was  then  covered  with  an  aluminum  tube,  this  cen¬ 
tral  portion  is  called  an  OP  unit  here.  The  OP 
unit  was  surrounded  by  aluminum-clad  steel  wires 
to  *'orm  an  OPGW. 


4.  Cabling 

Throughout  the  cabling  process,  no  transmission 
loss  deterioration  was  observed  for  any  one  of  the 
th'-ee  different  types  of  fibers.  Figure  3  shows 
an  example  of  transmission  loss  increase  at  1.0  um 
l.S  urn  wavelength  before  and  after  the  cabling 
process . 


Wavelength  (pm) 

Figure  3  Transmission  loss  Change  dur-rq  it ' • - ; 


5.  Cable  Pertormar  i: 


5-1  Fiber  Un  i  t  Pe-' f  orr'3,'c^r 


f iber  (No. 3  unit) . 


0.5 


0.4 


0.3 


-  0.2 


0.1 


•  No.1  unit 
o  No. 2  unit 
a  No. 3  unit 
at  1.55  pm  wavelength 


if 


80  70  60  50  40  30 

Mandrel  Diameter  (mmd) 

Figure  4  Bending  Loss  of  Six-F'be1, 


(2)  Lateral  Pressure  Test 

A  lateral  load  was  aopi’ed 
fiber  unit  by  use  cf  two  »eC  -  >■  •. 
shows  transmission  ’oss  .  ,• 

length  against  'at fa'  • 

six-fiber  u« it.  It  ..., -  •  ■  . 

sh i f ted  pure  s  • '  '  a  •  .  •  •  . 
was  the  best  . 


i  r  .  v.  ’ 

~  c  3- 

00  » 

T3  \ 

a-  0  2' 


#L  I* 
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(3)  Heat  Shock  Test 

Figure  6  shows  the  transmission  loss  change  at 
1.55  pm  wavelength  of  each  six-fiber  unit  versus 
heat  shock.  The  deterioration  of  transmission 
loss  of  cut-off  shift  pure  silica  fiber  unit  (No.l 
unit)  was  the  smallest  and  less  than  0.05  dB/km 
up  to  300  °C  heat  shock.  The  loss  increase  of 
1.3  um  wavelength  optimized  pure  silica  core 
fiber  unit  (No. 2  unit)  was  smaller  than  1.3  um 
optimized  germanium  added  core  fiber  unit  (No. 3 
unit) . 


Figure  6  Transmission  Loss  Change  of  Six-Fiber 

Unit  as  a  Result  of  Heat  Shock  (L=500m) 


(4)  Temperature  Cycle  Test 

Figure  7  shows  the  maximum  transmission  loss 
change  at  1.55  um  wavelength  of  each  six-fiber 
unit  for  cyclic  temperature.  The  temperature  range 
was  from  -40  °C  to  150  °C.  The  maximum  deteri¬ 
oration  of  transmission  loss  of  cut-off  shifted 
pure  silica  core  fiber  was  less  than  0.05  dB/km 
over  the  temperature  range  from  -40  °C  to  150  °C. 


(5)  Continuous  150  °C  Temperature  Test 

The  transmission  loss  change  of  each  six-fiber 
unit  under  long  term  high  temperature  condition 
was  measured  at  1.55  um  wavelength  by  the  cut-back 
method.  The  500  m  six-fiber  unit  in  bundle  con¬ 
dition  was  placed  in  an  oven. 


Figure  8  shows  the  transmission  loss  change  at 
1.55  um  wavelength  under  continuous  150  °C  temper 
ature  conditions.  The  maximum  transmission  loss 
change  of  the  cut-off  shift  pure  silica  core 
fiber  unit  (No.l  unit)  was  less  than  0.02  dB/km. 
which  was  almost  within  the  range  of  the  measure¬ 
ment  error.  No  residual  losses  were  observed 
for  all  fiber  units  when  the  temperature  was 
returned  to  room  temperature. 


Loss  Increase  IdB/km) 

•  No.l  unit  „  „ 

..  -  ..  0.4- 

at1.55/im  L 

o  No. 2  unit 

wavelength  / 

*  No.3  unit  g  j 

/ 

! 

/ 

0.2 

/  / 

0.1 

/  / 

//  . 

0 

-40 

40  80  120  160 

Temperature  |’C) 

Figure  7  Temperature  Dependence  of  Transmission 
Loss  Change  (L=500m) 


Figure  8  Transmission  Loss  Change  of  Six-Fiber 
Units  under  a  Continuous  High 
Temoerature  (150  °C) 
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From  these  investigations  above,  we  confirmed 
that  the  cut-off  shifted  pure  silica  core  fiber 
unit  has  the  best  mechanical  and  temperature 
characteristics  for  1.55  pm  wavelength  operation. 
The  1.3  pm  wavelength  optimized  pure  silica  core 
fiber  unit  is  not  as  good  but  still  usable  at 
1.55  pm  wavelength. 


5.2  Hydrogen  Characteristics 

To  estimate  the  inf re-red  loss  increase  due  to 
chemical  reaction  of  hydrogen  in  the  fiber,  an  OP 
unit  shown  in  Figure  2(a)  was  exposed  to  a  temper¬ 
ature  of  200  °C  for  170  hours.  Figure  9  shows 
the  loss  change  at  1.55  pm  wavelength  obtained  by 
the  heat  treatment  at  200  °C  after  170  hours.  No 
loss  increase  was  observed  for  pure  silica  core 
fibers  while  2.8  dB/km  at  1.55  pm  loss  increase 
was  observed  for  single-mode  fiber  with  germanium 
added  core.  Pure  silica  core  fibers  have  an 
advantage  in  terms  of  transmission  loss  stability 
as  wel 1 . 


Wavelength  (/jm) 

Figure  9  Heat  Treatment  Test  of  OP  Unit 


Even  if  germanium  added  core  fibers  are  used,  the 
hydrogen  problem  is  not  serious  in  1.3  pm  which 
are  most  popular  now  in  0PGW  network,  because  the 
effects  of  loss  increase  at  1.3  pm  due  to  hydrogen 
is  estimated  to  be  very  small  (5).  However,  in 
the  future  1.55  pm  systems,  the  hydrogen  problem 
is  more  important  than  in  the  1.3  pm  system, 
since  the  sensitivity  of  loss  increase  is  several 
times  larger  at  the  1.55  pm  region. 

If  the  cut-off  shifted  single-mode  fiber  is  made 
up  of  germanium  added  core,  the  mechanical  and 
temperature  characteristics  at  1.55  pm  wavelength 
of  this  fiber  may  be  as  good  as  the  cut-off  shifted 
single-mode  fiber  with  pure  silica  core,  but  the 
hydrogen-induced  attenuation  increase  may  be  a 
problem  in  some  circumstances.  Therefore,  the  cut¬ 
off  shifted  fiber  with  a  pure  silica  core  is  most 
suitable  for  0PGW  for  1.55  pm  wavelength  use. 


5.3  Test  on  OPGW 


Various  tests  on  the  OPGW  with  cut-off  shifted 
pure  silica  single-mdoe  fibers  for  practical  use 
were  carried  out  such  as  a  short-circuit  test, 
an  arc-discharge  test,  a  crushing  force  test,  a 
heat  cycle  test,  a  tensile  load  test,  a  vibration 
test,  a  twist  test,  a  minimum  bend  test,  a  freez¬ 
ing  test  and  a  squeezing  test.  Table  3  shows 
these  test  results.  It  was  confirmed  the  OPGW 
with  cut-off  shifted  oure  silica  core  single-mode 
fibers  has  as  good  characteristics  at  1.55  pm 
wavelength  as  those  of  conventional  OPGW  at  1.3  pm 
wavelength. 


6.  Conclusion 


An  OPGW  for  1.55  pm  operation  using  cut-off  shifted 
single-mode  fiber  has  been  developed,  which  has 
a  very  low  and  stable  transmission  loss  and  has 
excellent  long  term  reliability.  This  will  con¬ 
tribute  to  making  the  repeater  span  very  long. 

The  applicability  of  1.3  urn  optimized  fiber  at 
1.55  pm  operation  was  also  investigated  and  the 
application  may  cause  problems  in  long  term  re¬ 
liability  at  1.55  pm  wavelength. 
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Table  3  Various  Test  of  the  0P6W  for  Practical  Use 


Test  item 

Test  conditions 

Evaluation  results 
(Loss  increase  at  1.55  pm) 

OPGW:  80  ran2 

No .  1 
unit 

K! 

la 

Short- 

circuit 

Sample  length:  8  m 

Fusion  splicing:  2  fibers 

Alternating  current:  14.8  KA 

Time:  0.34  second 

Stringing  tension:  15  %  UTS  (1460  kg) 

OP  unit  temperature:  500  °C 

0.00  dB 

0.00  dB 

O.OOdB 

Arc- 

discharge 

Sample  length:  4  m 

Fusion  splicing:  2  fibers 

Oischarge  current:  5.9  KA  to  9.5  KA 

Time:  115  ms 

Stringing  tension:  15  %  UTS  (1460  kg) 

0.00  dB 

0.00  dB 

0.00  dB 

Crushing 

force 

Plate  width:  50  mm 

Fusion  splicing:  2  fibers 

Crushing  force:  1000  kg 

0.00  dB 

0.00  dB 

0.00  dB 

Heat 

cycle 

Sample  length:  20  m 

Fusion  splicing:  2  fibers 

Stringing  tension:  15  %  UTS  (1460  kg) 
Temperature  range:  From  temperature  to 
150  °C  x  100  cycles 
Holding  time:  1  hour 

0.00  dB 

0.01  dB 

0.03  dB 

Tensi 1 e 
load 

Sample  length:  5  m 

Fusion  splicing:  2  fibers 

Tensile  load:  until  100  %  UTS  (9770  kg) 

0.00  dB 

0.00  dB 

0.00  dB 

Vibration 

Sample  length:  30  m 

Fusion  splicing:  2  fibers 

Stringing  tension:  20  %  UTS  (1950  kg) 
Cycle:  40  Hz 

Ampl i tude :  10  mm 

Number  of  times:  107  times 

0.01  dB 

0.03  dB 

0.05  dB 

Twi  st 

Sample  length:  10  m 

Fusion  splicing:  2  fibers 

Stringing  tension:  20  %  UTS  (1950  kg) 
until  1  rotation/lm 

0.01  dB 

0.03  dB 

0.04  dB 

Minimum 

bend 

(OP  unit) 

Bending  diameter  (0) : 

40,  50,  100,  200,  300  mm 
Fusion  splicing:  2  fibers 

Bending  angle:  180° 

0.00  dB 
unti  1 

40  mm 

0.02  dB 
at 

40  mm 

0.03  dB 
at 

40  mm 

Freezing 

Sample  length:  10  m 

Fusion  splicing:  2  fibers 

Flood  time:  1  hour 

Freezing  temperature:  -24.3  °C 

Freezing  times:  2  hours 

Sample  is  after  squeezing 

0.00  dB 

0.00  dB 

0.00  dB 

Squeezing 

Sample  length:  10  m 

Fusion  splicing:  2  fibers 

Stringing  tension:  20  %  UTS  (1950  kg) 
Bending  angle:  60° 

Pul  ley:  450  mm 

Round-Trip  cycle:  20  cycles 

0.00  dB 

0.00  dB 

0.00  dB 

Measurement  accuracy:  tO.Ol  dB 
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I.  SUMMARY 

Overhead  Ground  Wire  containing  optical 
fibres  (01‘GW)  has  recently  experimented  a 
rapid  growth  all  around  the  world.  This  paper 
describes  the  design  criteria,  developzent, 
accessories,  installation  methods  amt  various 
specific  tests  applied  to  OPGW. 


2.  INTRODUCTION 

Optical  fibre  cables  are  now  used  on  *  large 
scale  in  telecommunication  networks.  Because 
of  their  high  information  capability,  optical 
fibres  can  meet  present  and  future  Power 
Utilities  telecommunication  needs.  OPGW  1*  a 
transmission  media  that  many  Utilities  around 
the  world  have  already  adopted  or  taken  into 
serious  Consideration. 

The  reason  for  this  choice  la  baaed  on  the 
following  factors: 

-  High  transmission  capability,  complete 
Immunity  to  electromagnetic  phenomena  and 
longer  lengths  between  repeaters 

-  utilization  of  existing  structures  (power 
lines)  and  right  of  ways,  therefore  reduc¬ 
ing  the  Installation  coat* 

-  Supply  other  users  (i.e.  Telecommunication 
Companies)  with  an  economical  cable  laying 
alternative  In  areas  of  difficult  ground 
condition*  (l.e.  mountain*) 

3.  DESIGN  CRITERIA 

Presently,  th*r#  are  ao  International  stan¬ 
dards  for  OPCW,  howavar  Working  Group*  of 
IEEE  and  ASTM  are  addressing  the  metier.  The 
OPCW  design  depends  on  the  requirements  nf 
each  specific  installation  the  Utility  Is 
planning. 

it  Is  however  Important  for  the  OPGW,  to  have 
mechanical  and  electrical  characteristics 
equivalent  to  those  of  ■  standard  ground 
wlr«,  but  tha  design  constraints  mav  b* 
tougher  If  the  cable  la  to  be  placed  on 
existing  tower*  than  If  It  1*  a  completely 
new  line. 


Such  characteristic*  are  related  to: 

-  tensile  strength 

-  stiffness  (EA).  which  Influences  sag  and 
tension  conditions 

-  conductivity  to  carry  the  short  circuit 
current,  without  exceeding  the  maximum 
temperatures  admissible  for  the  materials. 

The  correct  design  of  OPCW  In  achieved  hy 
balancing  the  mechanical  and  electrical 
charaeteriatlcn  within  the  llmita  imposed  by- 
diameter  ar.d  weight.  The  optica]  fibre 
incorporated  In  the  ground  wire  must  maintain 
its  own  transmission  characteristics  under 
all  service  conditions. 

3. 1  Optical  core 

The  optical  core  is  designed  with  the  aim  of 
having  high  reliability  through  the  service 
life  which  is  required  to  be  the  same  aa 
standard  ground  wire.  This  aim  Is  best 
achieved  by  using  the  loose  typo 
construction.  This  type  allows  the  fibre  to 
move  radially  inaicu  a  tube  or  a  groove  to 
compensate  any  chan?  of  length  of  the  OPGW. 
Therefore  the  fibres  ar*  never  stressed  even 
‘hr  the  maximum  OPGW  elongation  which  occurs 
'or  the  worst  overload  or  during  short 
circuit.  The  absence  of  mechanical  stresses 
on  the  fibre  is  an  outstanding 
characteristic  of  the  loose  structure  which 
makes,  it  particularly  suitable  for  the 
application  In  question. 

This  characteristic  ia  not  shared  by  the 
tight  construction,  where  the  optical  flbrss 
are  continuously  under  mechanical  stress. 

The  core  generally  consist*  of  four  plastic 
tube,  stranded  around  a  dielectric  centrol 
strength  member.  The  tube  dlsmeter  ar.d 
Thickness  depend  on  the  number  of  fibres  to 
be  allocated .  F.*ch  tube  generally  contains 
I  to  k  fibre*.  Design  with  higher  fibre 
count,  s.g.  50,  is  feasible. 

The  number  and  the  type  of  fibre  depends  on: 

-  the  transmission  capacity  required  (e.g. 
number  o(  channel 

-  the  distance  between  the  repeaters. 
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Fibres  used  in  Che  telecommunication  field 
lire  multimode  or  slngletiode.  The  slnglcmoda 
Hhrr  is  used  when  a  long  repeater  distance 
and  high  capacity  1*  required.  Thia  ia 
achieved  through  intrinsic  performance  of  the 
fibre  which  in  practice  hae  no  limitation  of 
bandwidth  end  has  very  low  attenuation.  1'or 
particular  traneaieaion  needs  (short 
distances  end  low  number  of  channels)  the  use 
of  multimode  fibre  nay  be  economically 
advantageous  due  to  the  lower  coot  of 
electronic  equipment. 

Tab1'  l  whtwa  data  related  to  the  type  of 

Tame  l  represents  typical  system  length 
between  repeaters. 

The  optical  core  being  completely  dielectric, 
ia  Immune  to  the  effects  of  overvoltage  due 
to  lightning  and  short  circuit.  The  core  is 
also  completely  filled  with  a  special  grease 
to  protect  agaiust  aoleture  and  hydrogen 
contamination. 

Aluminum  tube  end  metallic  wires 

The  ae am lees  aluminum  sheath,  obtained  by 
extrusion,  provides  an  absolutely  hermetic 
and  mechanically  strong  protection  for  the 
optical  core  and  necessary  support  for  the 
surrounding  wires.  It  also  heavily 
contributes  to  the  electrical  conductivity  of 
the  CPGU.  The  surrounding  vires,  depending  on 
the  required  mechenleal  and  electrical 
characterise  lea.  can  be  stranded  in  one  or 
two  layers.  The  materials  of  the  wires  are 
the  same  aa  the  conductor  material  used  on 
the  standard  ground  wire  (aluminum  alloy, 
galvanised  steel,  aluminum  clad  steel)  and 
are  In  compliance  with  the  same  jpecifica- 
tlone. 

4.  EFFECTS  OF  KYDRQGEM 

The  effects  of  hydrogen  on  the  fibre  optical 
characteristics  la  now  faiT’y  well  known  end 
need  to  be  controlled  (1)  (2). 

The  effects  are  related  to: 

-  Light  absorption  hy  the  hydrogen  molecule 
diffused  In  Che  fibre.  This  phenomenon  la 
reversible  and  it  is  a  function  of  tie 
temperature  and  relative  pressure.  It  ia 
present  both  at  1300  cm  end  more 
accentuated  at  1550  nm. 


-  formation  of  hydroxide  (OH).  This 
phenomenon  ia  irreveraible.  The  chemical 
element*  of  the  fibre  (  for  example  the 
presence  of  P205)  ere  responsible  for  this 

Generally,  the  singlemode  fibre  is 
less  Affected  than  the  multimode  fibers, 
because  of  different  dopant  content. 

-  Canter  of  color.  This  interferes  with  the 
entire  frequency  spectrum  in  which  the 
fibre  operate*  and  It  heavily  affected  hy 
temperature.  It  1*  essentially  due  to  the 
hydrogen  interaction  with  the  glass  causing 
irregularity  on  th*  atructur*. 

The  hydrogan  which  it  present  In  the  cable, 
either  dissolved  in  constituent  materials  and 
released  over  the  time  or  generated  hy 
chemical  reaction  during  manufacture  or 
service  life,  will  build  up  partial  pressures 
affecting  the  optical  transsiltsjon,  OPGV, 
vhich  1 3  subjected  to  higher  temperature  than 
typical  direct  burial  cables  used  for 
telecommunication,  is  particular  sensitive  to 
the  hydrogen  effect*. 

Consequently,  It  Is  necessary  to: 

-  use  an  optical  fibre  with  lew  ••naitlvity 
to  hydrogen  attack 

chooRe  materials  with  low  hydrogen  content 

-  use  an  extruded  or  soldered  sheath  that 
eliminates  the  humidity  responsible  for 
Sufcrffcfal  oxidation  phenomenon. 

However,  none  of  th*  above  element*  will 
protect  the  fibres  against  hydrogen  in  the 
long  run.  A  complete  Immunity  car.  be  obtained 
by  applying  a  special  filling  compound 
(Uydrog«t>  that  acta  aa  *n  irraverail-le 
chemical  absorbent  to  hydrogen.  The 
absorption  capacity  of  thia  type  of  material 
i"  independent  of  temperature  and  relative 
procure.  Figure  2  shows  the  attenuation 
spectrum  if  optical  fiber  cable  with  end 
without  the  hydrogen  absorber  filling 
compound  during  the  accelerated  ageing  teat 
at  70  C  for  10  days. 

5.  SPECIFIC  TgSTb  Ob  JPGW 

The  0TCW  is  tested  in  laboratory  with  the  aim 
of  tetabllF.hing  It*  characteristic*  and 
performance*  under  th*  condition*  it  will  be 
Subjected  both  during  installation  and 
service,  m*  main  testa  ar*  the  following: 

">•  1  Tensile  Teat 

Tb*  teat  1*  carried  out: 

A)  to  determine  tb*  etreee'. train 

characteristic  of  the  composite  cebls; 
b)  to  measure  the  attenuation  and  th* 
elongation  of  the  fibre. 
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The  ten c  la  carried  out  by  using  a  cable 
ample  of  about  60  a.  The  optical  core  la 
restricted  to  nova  along  the  alualnua  tube  by 
means  of  suitable  clamp  connecting  the  tube 
and  the  central  strength  member  of  the 
optical  core.  Tbla  connection  la  always  used 
for  all  the  different  teste  which  are 
performed  on  the  CPO.W  when  a  tenalon  le 
applied  and  optical  performance  on  fibres  la 
measured . 

The  tensile  test  Is  generally  performed  using 
the  name  dead  ends  that  will  h#  utilized  In 
the  field  (fig.  3). 

Tj  obtain  a  longer  fibre  nample,  the  fibres 
are  spliced  together  by  fusion  technique.  An 
tension  Is  applied  to  the  cable  sample,  the 
flbte  elongation  and  attenuation  are 
monitored  to  deCect  changes.  If  any. 

Figure  4  shows  a  typical  stress/atraln 
relationship  of  OPCVJ.  Testa  did  not  ahow  any 
Increase  In  attenuation  nor  &  significant 
fiber  elongation. 

3.2  Breaking  Lund  Teat 

This  test  le  carried  out  on  a  cable  sample  of 
5  to  10  met  are.  according  to  the  normal 
procedure  uBed  for  the  standard  conductors 
without  optical  fibres. 

5 . 3  Creap  Teat 

The  objective  of  thl*  test  is  to  determine 
the  Increment  on  the  sample  length  va.  time 
by  applying  a  constant  tension  and 
temperature.  The  Increment  on  the  length  and 
consequently  the  Increase  In  sag  will  be 
taker  Into  account  for  sagging.  The  test  is 
carried  out  according  to  the  procedure  stated 
for  the  standard  conductor  (3)  with  a  teat 
temperature  between  21  C  end  27  C  for  a 
duration  of  1000  hours. 

5.4,  l.lghtnlng  Simulation  Test 

This  test  Is  to  determine  the  effect  caused 
by  lightning  on  the  OPCV.  The  teet  le  carried 
out  or  a  sample  under  the  required  stress 
trig.  5).  An  electric  arc  la  generated 
between  the  conductor  end  a  graphite 
electrode  pieced  at  a  dlftance  of  approx.  10 
,nm.  The  optical  flbrea,  apllead  In  aeries, 
are  monitored  continuously  for  any  variation 
In  transmitted  power. 

The  Impulse  current  wav*  normally  used  for 
litis  test  la  elmjlar  to  the  test  on  "Heavy 
Duty  Surge  Arresters"  (4):  100  IcA  for 
4-6/10-15  mlcroeeconds. 


Oscillating  current  has  alao  been  applied 
with  a  peak  valua  of  about  200  kA  with  a 
duration  of  about  1250  micro  seconds  (Fig.  6) 
which  simulate*  a  much  higher  electric 
discharge. 

The  test  shows  that  the  discharge  on  the  OPCV 
has  no  Influence  on  attenuation  of  the  fiber 
nor  the  mechanical  Integrity  of  the  0F0U 
(Fig.  7). 

5.5  Short  circuit  Simulation  Teet 

This  teet  Is  to  verify  the  behaviour  of  the 
0PGV,  eapeciully  the  optical  core,  during  the 
ahott  circuit  between  phene  end  earth. 

In  this  situation  the  cable  will  carry  a  high 
current  for  a  short  time  which  main  effect  Is 
the  sudden  heating  of  OPCV. 

The  test  la  carried  out  using  approx.  30-50  r 
sample  (Fig.  6).  The  sample  1*  under  stress 
at  all  times  during  the  test,  In  particular 
during  Che  application  of  the  ahort  circuit 
current,  by  means  of  a  pulley-load  system. 

The  optical  fibres,  spliced  In  series,  are 
monitored  constantly  for  any  variation  in 
transmitted  power.  Some  thermocouples  are 
Inserted  between  the  wires  of  the  cable  in 
order  to  compare  the  temperature  rise  with 
tire  theoretical  results.  Figure  9  shows  the 
test  results  obtained  on  the  OPCW. 

5.6  Vibration  Test 

Cue  of  the  main  effects  of  the  wind  on  an 
aerial  cable  la  the  vibration  resulting  from 
vortex  shedding,  The  teat  simulating  this 
effect  serves  two  objectives: 

a)  to  determine  the  self-damping 
coefficient 

b)  to  verify  the  capacity  uf  all  cable 
components  to  resist  the  fatigue. 

By  knowing  the  self-damping  coefficient,  the 
level  of  deformation  caused  by  the  wind  can 
be  calculated  by  using  mathematical  models. 
The  methodology  Is  ths  same  as  for  the 
standard  conductor  test.  The  0PGV  le  tested 
under  tension  corresponding  to  "every  day 
stress"  and  It  it  placed  In  resonance  by  an 
electro-dynamic  vibrator  (Fig.  10).  The 
measurement  of  self-damping  coefficient  Is 
loot  hy  varying  both  the  frequency  and  the 
amplitude  of  vibration  (5).  The  fatigue  teat, 
at  constant  frequency,  1*  carried  out 
imposing  a  deformation  at  ths  maximum  stress 
point.  At  ths  beginning,  during  and  at  the 
end  of  the  test,  the  attenuation  of  the  fiber 


466  International  Wire  &  Cable  Symposium  Proceedings  1987 


h>  Bolted  Type  Suspension 


Is  measured.  The  result  obtained  show*  thee 
both  the  self-damping  coefficient  and  the 
fatigue  resistance  ere  equivalent  to  similar 
standard  conductor  (6),  Regarding  the  fatigue 
resistance  test,  two  types  of  OTCV,  one  with 
a  single  wire  layer  and  the  other  with  e 
double  wire  layer,  were  tested.  Each  OPCW 
were  subjected  to  10  million  cycles  with  300 
microstreln  (peak  to  psak)  of  deformation 
plus  20  million  cycles  vlth  600  mlcroatraln 
(peak  to  peak).  The  cable  components  did  uot 
show  any  defect  nor  changes  of  fibre 
attenuation , 

Repeated  bending  test  on  auepenalon 

This  teat  is  to  verify  that  OPCW  reelate  the 
repeated  flexures  occurring  on  the  suspension 
us  8  consequence  of  dally  thermal  cycles. 

The  OP GW  sample  la  ta naloned  on  the 
suspension  at  ths  every  day  stress ,  The 
change  of  the  oending  angle  Is  given  at  a 
frequency  of  St  10  cycles  par  minute. 

Samples  of  both  single  and  double  layers  OPGW 
have  been  tested  with  different  types  of 
suspensions. 

Tests  carried  out  up  to  ten  times  the  number 
of  cycles  expected  during  the  0FGU  life  and 
angle  change  of  1  t  3  degrees  have  not  shown 
any  defect  both  on  the  metallic  component* 
and  on  the  optica!  core. 

6.  ACCEKSORTES 

6. 1  Hardware 

The  hardware  for  the  OPGW  are  designed  to 
guarantee  the  same  mechanical  performance  AS 
for  the  standard  conductor  and  to  ensure  a 
perfect  functioning  of  the  optical  cere.  The 
hardware  performance  is  verified  with  the 
same  procedures  already  established  for  the 
standard  conductors.  The  effect  of  the 
hardware  on  the  cable  optical  performance  is 
also  verified.  In  addition  to  the  bolted  type 
herdware  described  below,  the  "preformed" 
type  la  also  currently  used. 

a)  Bolted  Type  Strain  Clamp  (Dead  End) 

Tha  clamp  i»  designed  to  attain  a  "ellp" 
strength  greeter  then  90X  of  the  roted 
breaking  strength  of  the  OPGW.  The  main 
parameters  to  obteln  the  required  performance 
sra  a  particular  manufacturing  procaaa  of  tha 
body,  a  suitable  clamp  length  end  the  use  of 
different  material*  from  the  one*  used  for 
standerd  clamp*. 


The  form  and  ehs  performance  ere  the  same  as 
for  the  standard  application;  normally,  a 
slip  strength  of  201  of  the  nominal  rated 
hreaklng  strength  of  the  OPGW  Is  required. 
Figure  11  shows  a  recent  development  of  a 
suspension  clamp  that  is  inserted  at  the  pole 
top.  The  central  part  of  this  clamp  if. 
rectilinear  and  it  Is  the  same  as  the  strain 
clamp  except  for  the  length. 

c)  Damper 

The  conventional  stockbridge  damper  Is  used 
with  the  clsmp  adapted  to  the  OPGW  Blze,  The 
characteristics ,  position  and  number  are 
established  utilizing  the  same  mathematical 
model  used  for  the  standard  conductors  (7). 

d)  Holding  Clamps 

The  damp*  for  holding  the  0PGK  to  the  tower 
as  It  descends  to  the  splicing  box  are  made 
to  be  attached  to  the  tower  without  any  need 
to  make  holes  in  it.  The  clamps  used  are 
suitable  fer  a  wide  range  cf  tower  angle 
dimensions.  The  OPGW  can  be  fixed  either 
internally  or  externally  to  the  tower. 


6.2  Optltal  Splicing  Boy. 

The  box  contains  the  spliced  fibren  and  the 
necessary  extra  length  of  optical  fiher  (Fig. 
12).  The  box  is  waterproof:  a  perfect  teal 
for  the  Incoming  OPGW  le  made  by  using  a 
rubber  gasket  applied  over  the  aluminum  tube. 
The  box  Is  supported  or.  a  frame  that  la  fixed 
to  the  tower  angle  hy  means  of  clamp*  without 
any  need  to  make  boles  In  the  tower. 


7.  INSTALLATION 
7 . 1  Stringing 

The  equipment  and  the  method  uaed  for 
stringing  the  opgw  «re  the  same  a*  for 
standard  conductor*.  In  the  laboratory,  the 
stringing  test  i*  carried  out  by  simulating 
the  stress,  such  as  passing  through  the 
tensioner  and  a  pulley  ualng  the  set  up  shown 
In  Pig.  13.  Testa  carried  out  to  far  confirm 
field  exp-rlenc*.  The  diameter  of  the 
teneloner  la  In  the  1200  -  1500  ma  range  and 
pulley*  of  600  -  BOO  no  diameter  are  suitable 
to  meat  any  combination  of  main  stringing 
parameter*  (1,*.  pulling  tension,  number  of 
passage*  and  handing  angle  on  pulleys). 
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"Self-gripping  con*  along  clamp"  with 
changeable  liners  aay  be  adopted  by  using 
suitable  materials  and  shape  for  the  liners, 

A  special  device  is  used  for  stringing  the 
single  ley er  type  OPGW  to  avoid  twisting. 

This  device  (Fig.  14)  in  made  by  a 
counterweight  dimensioned  to  pesn  through  the 
pulleys. 

Normally  it  Is  preferred  to  pull  a  length  at 
a  time  becaune  it  Is  easier  to  handle  the 
surplus  of  OPC’W  needed  for  the  drop  along  the 
tower  down  to  the  splice  box  but,  if 
neceeaarv ,  two  or  more  lengths  of  OPCV  may  be 
pulled  in  series. 

7.2  Splicing 

Splices  are  always  made  at  a  tower,  normally 
near  its  baRe,  so  It  Is  possible  to  carry  out 
the  splicing  of  Che  OPCW  Independently  from 
the  other  works  on  the  overhead  line 
therefore  reducing  installation  time. 

The  distance  between  two  consecutive  splices 
can  usually  go  up  to  4  km. 

The  splicing  operation  can  be  carried  out 
beaically  In  two  ways: 

1)  by  performing  it  at  the  ground  level,  on 
a  van  situated  at  the  tower  base.  The 
splicing  box  la  then  raised  and  fixed  to 
its  final  position 

2)  by  performing  It  at  the  box  final  height 
O  to  8  meters  above  ground),  using  a 
platform  protected  against  environmental 
hazards.  The  platform  can  b*  supported 
by  a  tubular  structure,  raised 
externally  by  a  lift  or  raised  and 
supported  internally  by  rope  and  tackle 
hooked  to  the  tower  (Fig.  15). 

The  apllcing  of  the  fiber  Is  carried  out  by 
means  of  fusion,  Each  splice  In  protected  by 
rears  of  a  heat  shrinkable  nleeve  which  Is 
Inserted  in  a  groove  of  the  organizer.  Ths 
attenuation  of  each  splice  Is  measured  before 
closing  the  aplice  box  to  verify  its  required 
performance.  At  the  end  of  the  Installation, 
the  attenuation  measurement  is  carried  out  by 
■tans  of  cut  hack  method  on  the  complete 
length. 


8.  INSTA7.1.ATI0KS  CARRIED  OUT 

Five  years  ago  Pirelli  supplied  Its  flrsc 
OPCW  links  to  ENEL  (Italian  State  Power 
Foard)  In  conjunction  with  the  TESEO  Project 
(Italian  acrostic  for  Taletransmlaaion  of 
Electro  -  Optical  Signals  via  Electrical 
Line)  (*)  (9)  (10)  (ID. 


Since  then  Pirelli  has  supplied  several 
hundred  kilometers  of  OPCU  in  Brazil,  the 
Middle  Ps9t,  North  America  (12),  Spain  and 
Italy. 

9,  CONCLUSION 

The  concept  of  combining  the  power 
transmission  line  with  a  very  high  capacity 
telecommunication  line  Is  having  considerable 
success  all  around  the  world.  This  has  been 
made  possible  because  of  the  development  of 
ground  wire  containing  optical  fibers. 
Optimized  mechanical  and  optical  properties, 
the  flexibility  and  expshdlbility  of  the 
system  have  allowed  the  OPGW  to  be  part  of 
many  Power  Utilities  projects  end  open  the 
door  to  new  ventures  between  Power  end 

Telecommunication  Utilltias. 
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TABLE  1 

OPTICAL  FIBER  CHARACTERISTICS 


ATTENUATION 

ATTEN. 

ATTEN. 

NUMERICAL 

BANDWIDTH 

DISPERSION 

AT  850nm 

AT  1300nm 

AT  1550nm 

APERTURE 

AT  1300nm 

AT  1300nm 

dB/km 

dB/km 

dB/km 

MHz. km 

ps/(nm.km) 

Multimode 
50/125  micron 

2.6 

0.7 

— 

0.2 

1000/1200 

6 

Single  Mode 
10/125  micron 

— 

0.4 

0.25 

— 

— 

3.5 

TABLE  2 

BIT  RATE  VS.  REPEATER  LENGTH 


TYPE  OF  FIBER 


Mbit/s 


NO.  OF  TELEPHONE  LINES 


REPEATER  LENGTH  (km) 


Mu  1 timode 

2 

30 

40 

Mul timode 

8 

120 

30 

Single  Mode 

2/8 

30/120 

60 

Single  Mode 

34 

480 

55 

Single  Mode 

140 

1920 

45 

TABLE  3 

CHARACTERISTICS  OF  COMMONLY  USED  OPGW 


Type  A 

TYPE  OF  OPGW 

Type  6 

A 

Type  C 

B 

C 

Type  D 

D 

Outside  Diameter 

mm 

13.8 

14.7 

17.9 

21.6 

No.  of  Fiber 

4 

24 

4 

12 

Protection  for  F.O.  Core 
-  Material 

AL 

AL 

AL 

AL 

-  Thickness 

mm 

1.6 

1.5 

2 

2.8 

Armoring 

-  I  layer  of  wires 

no  x  mm 

15x2.34  ACS 

17x2.25  ACS 

18x2  ac.zin 

18x2.45  ACS 

-  I I  layer  of  wires 

no  x  mm 

— 

— 

23x2  legaAL 

23x2.45  ACS 

Weight 

kg/m 

0.57 

0.6 

0.83 

1.56 

Breaking  Load 

kN 

79 

83 

107 

233 

Modulus  of  elasticity 

kN/mm2 

104 

104 

85 

113 

Stiffness 

kN 

10730 

11250 

15420 

30850 

Coefficient  of  thermal 
expansion 

1/  C 

14.8. 10'6 

14.8. ID'6 

16.7. 10”6 

14.2. 10‘6 

Electrical  Resistance 
in  c.c.  at  20  C 

ohm/ km 

0.5 

0.5 

0.3 

0.2 

Max.  current  for  a 
-  duration  of  0.5  sec 

kA 

11 

11 

19.8 

31.6 

-  equivalent  I^t 

kA2.sec 

60 

60 

196 

500 

ACS  =  Aluminum  Clad  Steel 
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Attenuation  (dB/knt) 


m 


Fig.  1 

Optical  Overhead  Ground  Wire 
Single  and  Double  Layer  4  to  12  Fiber 


Fig.  3 

Tensile  Load  Machine 
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A  Global  Test  Method  for  Long  Term  Stability  of  Solid  and  Foam  Skin  Insulation 


Lawrence  E.  Davis 


Superior  Cable  Corporation 


Abstract 

The  stability  of  polyethylene  insulation  has  traditionally  been  evaluated  by 
test  methods  which  primarily  determine  oxidative  resistance  at  elevated 
temperatures  which  exceed  material  transition  ranges.  Additional 
degradation  processes  can  cause  polyethylene  to  fail  in  field  applications. 
A  test  method  has  been  developed  which  simulates  worse  case  installation 
of  filled  cable  and  addresses  failure  for  polyethylene  insulation  without 
exceeding  material  transition  temperature. 

Foam  skin  insulation,  when  evaluated  with  the  new  procedure,  has  been 
found  to  crack  from  mechanisms  other  than  oxidation  and  to  have  a  life 
prediction  as  short  as  ten  years  in  the  hotter  regions  of  the  country.  The 
predicted  failures  have  been  substantiated  by  field  reports  of  foam  skin 
failure. 

The  new  test  method  evaluated  material  for  oxidative  stability,  thermal 
embrittlement,  environmental  stress  cracking  (due  to  the  presence  of  filling 
compound),  and  extraction  of  antioxidants  by  filling  compound.  This 
procedure  can  be  used  to  screen  new  materials,  for  obtaining  improved 
performance  of  foam  skin  insulation  and  for  quality  control. 

Introduction 

High-density  polyethylene  may  be  degraded  by  several  mechanisms: 
thermal  embrittlement,  oxidation,  environmental  stress  cracking,  solvent 
cracking,  electromechanical  stress  cracking,  and  ultraviolet  light  exposure. 
Present  methods  of  determining  long  term  stability  of  high-density 
polyethylene  concentrate  on  oxidative  degradation.  However,  foam  skin 
insulation,  due  to  the  expanded  form,  is  more  susceptible  to  additional 
inodes  than  solid  insulation.  A  test  method  for  evaluation  of  cellular 
insulation  which,  including  all  of  the  major  failure  paths,  has  been 
developed  and  is  presented  below.  The  new  procedure  successfully 
predicts  foam  skin  field  failures  and  may  be  employed  to  screen  new 
materials  which  may  be  used  to  improve  life  expectancy  of  cellular 
insulation  in  communications  cables. 

Failure  Mechanisms 

Crack  initiation  and  propagation  in  polyethylene  is  a  complex  process 
which  is  often  misinterpreted.  There  are  several  mechanisms  by  which 
crack  growth  can  occur  and  it  is  necessary  to  understand  the  cause  of  each 
failure  mode  so  that  the  data  obtained  can  be  properly  interpreted.  Each  of 
the  failure  mechanisms  may  occur  alone  or  in  combination,  further 
complicating  the  analysis  of  polyethylene  failure  without  careful  review  of 
the  material's  properties,  test  conditions,  and  failure  data.  Also  to 


determine  the  test  conditions  required  to  evaluate  potential  failure  paths,  it 
is  necessary  to  understand  the  failure  mechanisms  involved  in  polyethylene 
process. 

Thermal  Embrittlement 

Thermal  embrittlement  is  a  mechanism  in  which  an  applied  strain  results  in 
an  elastic  dislocation  of  crystallites  from  their  lower  energy  spherelitic 
arrangement  into  an  adjacent  higher  energy  arrangement.  The  elastic  forces 
of  restoration  overcome  the  viscous  drag  component  leaving  points  of 
inherent  weakness  in  the  growth  structure  leading  to  eventual  brittle  failure. 
This  mechanism  is  a  temperature/time  dependent  reaction  which  is  purely 
thermal  in  nature.  Because  thermal  embrittlement  involves  only  the 
arrangement  of  the  molecules  within  a  part  it  can  be  reversed  by 
appropriate  heat  treating.  The  rearrangement  of  the  molecular  structure  in 
the  crystal  orientation  will  occur  at  the  same  rate  regardless  of  the  presence 
of  ox  ygen  or  various  flow  rates  of  air  past  the  sample.  The  effect  of  thermal 
embrittlement  is  to  reduce  the  strength  of  the  materials  and  to  decrease 
elongation  properties.  Crack  growth  resulting  from  thermal  embrittlement 
is  initiated  within  the  body  of  the  material.  The  crack  flow  path  through  and 
around  spherelites  depends  on  which  route  offers  least  resistance.  Thermal 
embrittlement  will  occur  without  applied  stress  in  the  material,  but  the 
presence  of  stress  will  promote  thermal  stress  crack  growth. 

Oxidation 

Oxidation  is  the  chemical  interaction  of  oxygen  with  the  polyethylene, 
resulting  in  chain  scission  and  gellation,  which  leads  to  brittle  failure.  The 
oxidation  process  is  a  ra'e  reaction  which  is  temperature  dependent  and  may 
also  be  affected  by  air  movement  about  the  sample.  The  chemical  structure 
of  the  polymer  is  altered,  leading  to  reduced  strength,  lower  elongation,  and 
brittle  failure.  The  presence  of  applied  stress  is  not  required  in  order  to 
induce  oxidative  crack  failure. 

Environmental  Stress  Crack 

Environmental  stress  cracking  is  highly  dependent  upon  the  physical  state 
of  the  polymer  and  requires  a  contact  medium.  In  an  environmental  stress 
crack  condition,  'here  appears  to  be  an  alteration  of  the  intermolecular 
forces  in  (he  polyethylene  as  a  result  of  contact  with  the  stress  crack 
medium.  This  allows  the  molecules  to  seperate  where  the  stress  crack 
medium  is  in  contact  with  the  polyethylene.  As  a  result,  crack  propagation 
is  initiated  at  the  surface  of  the  sample.  The  flow  of  the  stress  crack  agent 
into  flaws  on  the  surface  concentrates  the  applied  stress  in  the  flaw  resulting 
in  destructive  cracking.  This  type  of  crack  growth  does  not  alter  the 
physical  properties  of  the  material  except  in  the  vicinity  of  the  crack.  The 
tensile  and  elongation  properties  of  the  insulation  therefore  are  not  affected. 
Microscopically,  the  crack  surface  would  appear  as  a  brittle  fracture.  Under 
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a  higher  magnification  some  localized  yielding  may  be  evident.  The 
presence  of  polyaxial  stress  in  the  polymer  results  in  a  greater  susceptibility 
of  polyethylene  to  environmental  stress  cracking.  Since  surface  flaws  may 
provide  the  initiation  sites  for  crack  growth,  heat  polishing  of  the  surface 
reduces  the  susceptibility  of  the  material  to  environmental  stress  cracking. 
No  physical  changes  other  than  crack  propagation  will  be  evident  in 
environmental  stress  crack  failure. 

Solvent  Cracking 

Solvent  cracking  is  closely  associated  with  environmental  stress  cracking. 
Unlike  environmental  stress  cracking  however,  solvent  cracking  agents 
will  affect  other  physical  properties  of  the  material  such  as  swelling  of  the 
insulation  or  plasticizing  of  the  material.  Due  to  the  plasticizing  action  of 
the  solvent,  the  fractured  surfaces  will  be  ductile  in  nature  and  will, 
therefore,  exhibit  fibral  formation  along  the  crack  surface.  Solvent  cracks 
initiated  in  the  polymer  will  start  at  the  surface  of  the  material .  The  presence 
of  polyaxial  stress  in  the  sample  is  not  required  for  solvent  cracking  to 
occur;  however,  the  presence  of  polyaxial  stress  does  promote  the 
formation  of  solvent  cracks  in  polyethylene. 

Electromechanical  Stress  Cracking 

Electromechanical  stress  cracking  is  a  specialized  type  of  oxidative  stress 
cracking  in  the  insulation  of  electrical  conductors  operating  under 
mechanical  as  well  as  electrical  stress  in  high  voltage  alternating  fields. 
Both  mechanical  stress  and  coronaconditions  are  essential  to  initiate  failure 
through  this  mechanism.  Ozone  formed  by  the  electrical  discharge 
produces  rapid  oxidative  failure  of  the  stressed  but  not  the  unstressed 
polyethylene.  Since  high  voltage  applications  are  not  present  in 
communications  cable,  this  mechanism  can  be  ruled  out  as  a  contributing 
factor  in  the  cracking  of  the  foam  skin  insulation. 

Ultraviolet  light  Exposure 

Polyethylene,  when  exposed  to  ultraviolet  light  (UV).  absorbs  the  energy 
of  the  light,  exciting  the  bonds  between  the  atoms.  If  this  energy  is  not 
rapidly  dissipated,  it  will  break  chemical  bonds  in  the  polymer's  molecular 
chains.  The  rupture  of  chemical  bonds  fragment  the  chains,  thus  reducing 
the  molecular  weight  and  creaung  free  radicals  which  further  attack  the 
remaining  chains.  As  a  result,  the  polymer  loses  its  physical  properties  and 
becomes  britde  and  discolored.  The  rate  of  U V  degradation  is  accelerated 
by  increasing  exposure  time  to  U  V.  increasing  U  V  intensity,  and  increasing 
the  temperature  of  the  polymer. 

Insulated  wire  is  protected  by  the  cable  sheath  or  protective  closure 
(pedestal,  ready-access  closure,  splice  case,  etc.)  and  therefore  should  not 
be  significantly  affected  by  UV.  Sinceexposure  of  the  insulated  conductor 
to  light  is  limited,  degradation  caused  by  UV  should  not  be  of  general 
concern. 

Test  Design 

Current  cable  specification  procedures  primarily  evaluate  stability  to  insure 
life  expectancy  Present  tests  include  oxidative  induction  time  (thermal 
oxidative  stability  quality  control  tests),  weight  change  during  aging,  and 
heat  aging  in  pedestals  (thermal  oxidative  stability  qualification  tests )  as  a 
measure  of  oxidative  stability.  The  narrow  scope  of  these  procedures  are 
valid  since  the  insulated  conductors  are  exposed  to  the  environment  in 
pedestals.  Due  to  consumption  of  antioxidants  during  the  foaming  process 
and  leaching  of  antioxidants  by  filling  compounds,  any  cellular  insulation 
will  be  susceptible  to  oxidative  deterioration.  The  new  test  method  must 


include  exposure  of  the  foam  skin  insulation  to  air  at  elevated  temperatures 
to  insure  proper  protection  relative  to  this  failure  mode.  See  companion 
paper  “Performance  of  High  Density  Polyethylene  Insulation  Antioxidant 
in  Filled  Telephone  Cable  Applications". 

The  foam  manufacturing  process  also  incorporates  stresses  into  cellular 
insulation  which  are  not  present  in  solid  insulation.  Material  is  expanded 
radially  as  well  as  longitudinally  and  thus  will  be  more  susceptible  to 
environmental  stress  cracking  since  it  contains  polyaxial  stresses  not  found 
in  solid  extruded  material.  Therefore,  a  procedure  for  evaluating  cellular 
insulation  found  in  contact  with  filling  compounds  should  investigate  the 
possibility  of  environmental  stress  cracking.  Toaccomplish  this,  insulated 
conductors  can  be  wrapped  around  themselves  (formed  into  “pigtails") 
after  exposure  to  filling  compound.  The  filling  compound  would  remain, 
to  some  degree,  in  contact  with  the  insulated  wire. 

The  higher  stress  levels  in  cellular  polyethylene  will  cause  the  material  to 
be  more  susceptible  to  thermal  embrittlement  than  the  same  polyethylene 
compound  utilized  in  solid  insulation.  Therefore  a  method  of  investigating 
thermal  embrittlement  needs  to  be  incorporated  into  any  new  evaluation 
method.  In  addition,  thermal  embrittlement  incorporates  changes  in  the 
molecular  structure  over  time  increasing  the  susceptibility  of  the  insulation 
to  stress  crack  failure.  The  insulation  must  be  investigated  for  thermal 
embrittlement  after  some  initial  exposure  to  elevated  temperature.  This 
time  frame  should  be  consistent  with  the  possible  need  to  rework  splices  or 
pedestal  connections  which  would  occur  in  the  field. 

The  ability  of  commercially  available  filling  compounds  to  extract 
stabilizers,  plasticize  polyethylene,  and  cause  swelling  of  the  material 
suggests  the  need  to  include  a  method  for  observing  solvent  cracking  into 
a  long-term  stability  test  program  for  foam  skin  material.  This  can  be 
accomplished  by  exposing  die  foam  skin  cables  to  elevated  temperatures 
prior  to  removing  the  insulation  test  samples  from  the  cable.  Foam  skin  is 
primarily  used  underground,  and  once  installed,  would  tend  to  maintain  a 
relatively  constant  and  moderate  temperature.  The  exposure  time  therefore 
should  be  consistent  with  possible  exposure  of  the  filled  cable  to  elevated 
temperatures  prior  to  installation. 

Temperatures  selected  for  evaluation  of  any  insulating  material  should  be 
maintained  at  levels  which  would  not  alter  the  molecular  structure  or 
properties  of  the  material  If  test  temperatures  are  selected  which  exceed 
transitional  levels  which  would  not  be  encountered  in  the  field,  the  test  data 
becomes  very  suspect  as  to  the  primary  field  failure  inodes.  Such  results 
would  be  quite  difficult  to  correlate  to  field  conditions  since  the  rate  of 
deterioration  of  any  given  mechanism  could  be  altered. 

The  construction  of  foam  skin  insulation  contains  higher  stress  levels, 
polyaxial  stresses,  md  less  mass  of  material  in  contact  with  the  solvating 
agent  (filling  compound).  It  is  potentially  degraded  to  a  greater  extent  than 
solid  insulation  by  failure  modes  other  than  oxidation.  In  addition,  the  four 
potential  failure  m  than  is  ms  may  act  with  synergistic  effects  to  accelerate 
failure  faster  than  would  otherwise  be  encountered  by  a  single  mechanism. 

Selection  of  Test  Parameters 

Determination  of  compatibility  of  the  cellular  insulation  with  filling 
compound  should  be  accomplished  by  exposure  in  acompleted  cable.  This 
ensures  that  the  relative  amount  of  absorption  of  oils  into  the  polyethylene 
and  extraction  of  stabilizers  from  the  polyethylene  into  the  filling 
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compound  will  be  consistent  with  the  actual  exposure  and  not  altered  by 
gross  amounts  of  either  material  relative  to  the  other.  Aging  in  the  final 
cable  most  closely  simulates  the  aging  which  would  actually  occur  in 
application,  including  the  filling  process  and  subsequent  migration  of 
components  between  the  cellular  insulation  and  filling  compound.  The 
amount  of  oil  absorption  into  polyethylene  can  have  an  effect  on  the  rate  of 
thermal  embrittlement  since  the  oil  may  act  as  an  internal  lubricant  to 
facilitate  molecular  rearrangement.  The  ratio  of  filling  compound  to 
insulation  could  also  affect  the  rate  of  extraction  of  stabilizers  by  altering 
potential  equilibrium  concentrations  between  the  two  materials. 

The  time  and  temperature  forpreaging  the  foam  skin  insulation  in  the  filling 
compound  must  be  consistent  with  field  exposure.  Finished  cables  may 
routinely  be  exposed  to  the  environment  for  several  months  before 
installation  even  when  cables  are  manufactured  to  order  and  for  longer 
periods  if  the  product  is  placed  in  stock  against  future  orders.  Simulated 
aging  of  cable  held  in  a  reel  yard  over  the  summer  months  would  be  a 
reasonable  time  frame  for  the  cable  constructed  to  order.  Average  daily 
temperature  in  the  deep  south  and  the  west  for  the  summer  months  is 
approximately  30°  C.  The  maximum  accelerated  aging  temperature  of  70° 
C  was  chosen  to  ensure  that  a  filling  compound  (80°  C  drip)  remains  below 
its  crystalline  component  melt  range.  A  time  frame  of  4  weeks  at  70°  C  was 
chosen  to  simulate  four  to  five  months  of  summer  time  exposure  of  the  foam 
skin  cable  before  installation  as  a  preaged  compatibility  exposure. 

Following  installation  of  the  cable,  the  insulated  conductors  may  be 
exposed  to  the  environment  in  pedestals  with  some  filling  compound 
removed  due  to  handling.  To  provide  consistent  exposure  to  air  for  the  test 
sample,  the  insulated  conductor  should  be  removed  from  the  cable  and 
wiped  with  a  clean  cloth  or  tissue  to  remove  most  of  the  filling  compound. 
Removal  of  the  filling  compound  from  the  wire  will  also  extract  any 
stabilizers  which  have  leached  from  the  polyethylene  during  the  preaging 
exposure.  Filling  compound  absorbed  into  the  insulation  will,  during 
additional  testing,  migrate  to  the  surface  and  maintain  contact  wilh  the  skin 
to  act  as  a  stress  cracking  agent.  Stress  concentration  to  simulate  wire  bends 
in  the  pedestal  is  formed  by  wrapping  the  insulated  wire  around  itself  to 
form  pigtails. 

Aging  of  the  sample,  to  be  realistic,  must  be  conducted  below  polymer 
transition  temperatures.  Differential  scanning  calorimetry  studies  show 
that  high-density  polyethylene  begins  to  undergo  melt  phase  transitions  at 
temperatures  between  80°  C  and  90°  C.  Therefore,  a  maximum  aging 
temperature  of  80°  C  should  be  set  for  test  conditions  to  establish 
accelerated  aging  rate  factors.  Since  deterioration  of  insulation  varies  with 
the  type  of  degradation  as  well  as  material  variation  and  process  variation, 
at  least  25  samples  or  pigtails  should  be  evaluated  for  each  test  condition  to 
provide  a  statistical  basis  for  analysis  of  test  results. 

The  susceptability  of  polyethylene  to  stress  cracking  may  change  as  the 
insulation  ages.  To  investigate  alteration  in  molecular  structure  with  time, 
additional  pigtails  should  be  formed  in  the  test  samples  after  aging  of  the 
initial  pigtails  is  underway.  Following  exposure  to  heat  aging  of  exposed 
pigtail  samples  for  6  weeks,  the  sample  should  be  removed  from  the  oven 
and  a  second  set  of  pigtails  formed  in  the  insulated  wire.  This  simulates 
bending  of  the  wire  in  pedestals  following  initial  installation. 

To  aid  in  distinguishing  between  environmental  stress  cracking  and 
oxidative  or  thermal  embrittlement  failure,  additional  pigtails  should  be 


formed  after  50%  of  the  initial  samples  have  failed  and  at  the  completion 
of  the  test  { 100%  failure  of  first  pigtails).  The  samples  should  be  monitored 
every  two  weeks  and  the  failure  rate  indicated  by  cracking  of  the  pigtails, 
recorded  for  both  first  and  second  pigtails. 

Evaluation  of  Test  Procedures 

A  number  of  questions  relative  to  the  assumptions  in  devising  the  new  test 
method  must  be  answered  to  determined  if  the  new  test  method  can  be  used 
to  differentiate  between  products  aiid  establish  the  credibility  of  the 
procedure.  The  following  questions  are  included:  Does  preaging  of  the 
cable  affect  subsequent  aging  characteristics  of  insulation  for  both  foam 
skin  and  solid  insulation?  If  preaging  affects  performance  of  insulation  in 
subsequent  exposure  to  elevated  temperature,  what  period  of  preaging  is 
required?  Does  preaging  correlate  to  any  extent  of  actual  field  exposure? 
Do  second  pigtails  age  differently  relative  to  the  initial  pigtails?  Do  third 
and  fourth  pigtails  give  any  indication  of  thermal  embrittlement  activity? 
Is  there  any  indication  of  environmental  stress  cracking?  Do  PE-PJ  and 
ETPR  type  filling  compounds  have  similar  effects  on  foam  skin  insulation? 
Do  failure  modes  other  than  oxidative  deterioration  significantly  alter  life 
time  expectancy  of  foam  skin  insulation?  Can  the  test  method  be  accurately 
employed  to  predict  field  failures? 

The  answers  to  the  above  questions  have  been  obtained.  24  gauge  foam  sk  i  n 
and  solid  insulation  were  evaluated  using  the  new  procedure,  along  with 
control  samples  which  were  not  exposed  to  preaging.  An  experimental 
cable  of  insulated  conductors  from  a  sipgle  primary  machine  was 
constructed  to  evaluate  aging  properties  of  foam  skin  insulation  follow  ing 
controlled  exposure  to  filling  compound.  Cable  filler  exposure  levels 
included:  no  exposure,  exposure  to  cable  filling  process,  four  weeks 
preaging  at  70°C,  and  eight  weeks  preaging  at  70T.  This  data  was 
compared  to  insulation  removed  from  a  cable  that  had  remained  in  a  cable 
plant  reel  yard  for  2  years. 

The  data  presented  in  Table  1  clearly  shows  that  preaging  of  cable  at  70°C 
for  four  weeks  caused  faster  failure  rale  for  stressed  polyolefin  insulation 
as  compared  to  material  which  was  not  subjected  to  preaging.  This 
tendency  is  the  same  for  solid  insulation  and  foam  skin  insulation  with 
various  polyolefin  materials  and  filling  compound  variations. 

The  acceleration  factor  for  a  10°C  rise  in  temperature  for  the  preaged  foam 
skin  cable  ranges  between  1.3  and  3.25  with  an  average  of  2.35  using  50% 
failure  as  reference  point.  Crack  failure  of  pigtail  samples  tends  to  have  a 
normal-type  distribution  when  the  failures  are  plotted  as  a  function  of  time. 
As  a  general  rule,  the  first  and  last  samples  to  crack  w  ill  be  separated  in  time 
from  the  bulk  of  the  failures.  Additional  data  presented  in  the  companion 
paper  “Evaluation  of  Materials  for  Improved  Life  Expectancy"  exhibits  the 
same  type  of  distribution  failure  between  cables.  Considering  the  number 
of  factors  affecting  the  aging  characteristics  of  polyethylene,  a  spread  of 
this  size  is  expected.  A  partial  list  of  variables  that  can  alter  aging  rate  of 
insulated  wire  include:  molecular  weight,  molecular  weight  distribution, 
degree  of  long  and  short  chain  branching,  antioxidant  content  and 
distribution,  addition  of  processing  aids,  crystallinity,  extrusion  profile, 
cooling  rate,  line  speed,  degree  of  mechanical  stress  applied  during  cable 
production,  effects  of  grease  filling  and  cable  jacketing  (which  varies  w  ith 
cable  size,  line  speed  and  filling  compound  temperature),  variations  in 
filling  compound  composition,  as  well  as  variations  of  sample  preparation 
and  artificial  aging  test  conditions. 
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The  second  pigtails  formed  in  the  evaluation  samples  crack  before  or  at 
about  the  same  time  as  (he  original  pigtails  even  though  the}1  were  formed 
six  weeks  after  the  initial  pigtails.  Molecular  reorientation  has  taken  place 
in  the  insulation  as  a  result  of  aging  at  elevated  temperature.  Thermal 
embrittlement  may  be  contributing  to  the  overall  deterioration  of  the  foam 
skin  insulation.  The  inconsistency  of  the  data  presented  in  Table  2  indicates 
differences  in  the  rate  of  thermal  embrittlement;  this  may  or  may  not  be  the 
primary  failure  mechanism  for  the  initial  pigtail  formed  in  the  insulation. 
The  presence  of  thermal  embrittlement  suggests  that  the  stressing  of 
previously  installed  foam  skin  material  in  the  pedestals  contributes  to  early 
crack  failure  of  the  insulation.  The  extent  to  which  reworking  of  pedestals 
in  the  field  would  promote  insulation  failure  would  be  dependent  on  the 
length  of  lime  the  cable  has  been  in  service  prior  to  the  addition  of  bend 
stresses  and  the  avergae  temperature  of  the  pedestal. 

Graphs  I  and  2  provide  stress  crack  failure  data  for  material  removed  from 
the  same  cable  as  a  function  of  time  along  with  tensile  and  elongation  data 
for  a  straight  section  of  insulation  removed  from  the  stress  crack  sample  at 
the  time  of  failure  for  material  preaged  in  the  cable  for  four  and  eight  weeks. 
The  sample  population  in  each  preaged  test  group  consisted  of  three  wires 
of  each  of  the  ten  colors.  There  is  no  indication  of  color  dependency  in  time 
to  failure.  The  tensile  and  elongation  values  obtained  are  within  the  range 
of  normal  variation  for  values  obtained  from  insulation  removed  from  the 
cable  prior  to  preaging.  Insulation  which  cracks  due  to  thermal 
embrittlement  or  oxidative  deterioration  is  brittle  and  does  not  retain 
plasticity.  Therefore,  the  primary  failure  mechanism  for  preaged  insulation 
pigtail  samples  is  environmental  stress  cracking  or  solvent  cracking.  The 
need  to  address  these  failure  modes  has  been  clearly  demonstrated. 

Graph  3  illustrates  the  effect  of  filling  compound  exposure  to  foam  skin 
insulation  relative  to  accelerated  aging  of  pigtail  samples.  A,  B,  C.  and  D 
test  groups  used  insulation  from  the  same  cable.  Test  group  D  was  obtained 
from  the  cable  core  prior  to  grease  filling  and  jacketing.  Test  group  E 
consists  of  material  removed  from  a  cable  stored  in  a  cable  plant  reel  yard 
for  two  years. 

There  is  a  dramatic  increase  in  the  failure  rate  of  foam  skin  insulation  when 
it  is  artificially  aged  in  filled  cable.  Four  weeks  preaging  at  70°C  would 
appear  to  be  reasonable  as  a  method  of  artificially  aging  cable  when  the  data 
from  the  2  year  old  cable  is  compared  to  the  preaged  cable  material.  The 
data  presented  in  Table  3  shows  that  the  material  which  was  not  preaged  in 

f  the  cable  before  oven  aging  and  solid  preaged  wire  failed  as  a  result  of 

oxidative  or  thermal  embrittlement.  By  the  time  the  initial  pigtails  cracked, 
the  insulation  had  lost  its  plasticity  so  that  the  polyethylene  cracked  when 
the  wire  was  bent.  In  contrast,  foam  skin  material  which  had  been  preaged 
retained  plasticity  after  failure  of  the  initial  pigtails,  indicating  failure  was 
duetoenvironmentalstresscrackingorsolventcracking.  By  constructing 
additional  pigtails  at  the  time  of  failure  of  the  initial  samples,  information 
can  be  obtained  as  to  the  primary  mechanism  causing  cracking  of  the 
insulation. 

Estimation  of  life  Expectancy  for  Stress  Cracking  of  Foam  Skin 
Insulation 

r  Assumption  I 

i  Reel  storage  (3-4  months)  in  the  South  and  Southwest  at  the  manufacturers ' 

and  customers'  reel  yard,  in  the  sun,  will  be  equivalent  to  four  weeks 

I  preconditioning  at  7 CPC. 


For  a  four  month  period,  the  average  daily  temperature  in  the  Southwest  for 
the  summer  months  is  over26°C  as  measured  in  the  shade.  The  average  reel 
temperature  stored  in  direct  sunlight  will  be  higher. 

Reels  sitting  in  uuck  trailers  could  see  temperatures  of  60°C  for  short 
periods. 

The  preaging  effect  may  not  adhere  to  the  general  thermodynamic  or 
chemical  reaction  rate  increase  of  2  to  the  x  power,  where  x  is  the  number 
of  10°C  incremental  increases  in  temperature,  since  the  25%  failure  rate  for 
samples  of  foam  skin  preaged  for  four  weeks  was  20  weeks  vs.  17  weeks 
for  samples  preaged  for  eight  weeks  in  the  original  data.  The  preaging 
effect  is  probably  controlled  by  diffusion  rate  not  chemical  reaction  rate. 

Assumption  2 

Failure  rate  in  a  pedestal  can  be  accelerated  in  oven  aging  tests. 

Environmental  stress  crack  does  have  a  temperature  coefficient  and  will 
increase  at  some  constant  to  the  x  power  rate.  Also,  synergistic  effects  of 
thermal  embrittlement  and  oxidation  will  be  controlled  by  temperature.  In 
addition,  ox  idation  wi  II  be  affected  by  air  movement  in  the  pedestal  rel  ati  ve 
to  oven  air  velocity  (greater  flow  in  oven).  The  insulation  in  the  pedestal 
will  see  additional  stress  due  to  temperature  cycling  and  humidity  that  will 
not  occur  in  the  oven. 

Assumption  2 

The  first  failure  will  occur  in  the  South  and  Southwest  due  to  higher  average 
temperatures.  The  following  are  30  year  averages  of  daily  temperatures  as 
measured  at  night  and  during  the  day  (in  the  shade). 


Birmingham.  AL 

20°C 

Galveston,  TX 

21.  pc 

Houston,  TX 

20.6“C 

Jacksonville,  FL 

20°C 

Miami,  FL 

23.9°C 

New  Orleans,  LA 

20“C 

Phoenix,  AZ 

21. 1°C 

San  Antonio,  TX 

20.6“C 

Tampa,  FL 

22.2T 

Average 

2PC 

NOTE:  Average  temperature  data  from  World  Almanac. 

Life  expectancy  calculations  based  on  seven  commercially  produced 
cables  (five  diffeient  manufacturers)  preaged  for  four  weeks  at  70°C  and 
then  oven  aged  a  ",C°C  yields  an  average  25%  failure  at  1 7.8  week  intervals 
for  oven  aged  st  mples.  A  temperature  acceleration  rate  factor  of  2.35  was 
obtained  by  comparing  failure  times  for  samples  aged  at  70“C  and  80°C. 

Based  on  assumptions  I  through  3.  foam  skin  cable  may  have  a  life 
expectancy  of  24.6  years.  Foam  skin  was  installed  in  quantity  in  the  United 
States  starting  approximately  10  years  ago. 

Assumption  4 

Assume  an  increase  in  average  temperature  in  a  pedestal  installation  due  to 
direct  sunlight  and  insulation  effect  at  night  of  10°C.  A  ten  degree  rise  in 
average  temperature  in  pedestals  would  decrease  foam  skin  life  expectancy 
to  10.4  years. 
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Estimation  of  temperature  increase  may  be  high  .  but  in  “Polymer 
Engineering  and  Science  1 97 1"  the  mean  effective  temperature  for  air  core, 
worst  case  was  reported  to  be  43°C.  Maximum  temperature  in  pedestals  in 
the  high  seventies  have  been  reported. 

In  using  the  above  life  time  calculations,  it  must  be  remembered  that  not  all 
cable  will  be  subjected  to  storage  under  summer  time  conditions  and  that 
the  average  summer  temperatures  and  average  pedestal  temperatures  vary 
with  location. 

Assumption  1  can  be  substantiated  by  the  cable  data.  A  section  of  foam  skin 
cable,  produced  April  1982  and  removed  from  the  Brownwood  reel  yard 
and  evaluated  in  April  1984,  exhibits  rapid  stress  crack  failure  similar  to 
cables  which  were  preaged  artificially  in  70“C  ovens. 

Field  failures  for  foam  skin  installed  10  years  ago  may  show  evidence  of 
cracking  in  the  warmer  regions  of  the  country.  Reports  of  field  failures  of 
foam  skin  have  been  reported  in  the  Southwest.  Failures  in  pedastals  in  this 
region  of  the  country  were  predicted  several  years  before  they  occurred 
providing  credibility  for  the  test  method. 

Conclusion 

An  enhanced  or  global  test  procedure  is  needed  for  foam  skin  insulation 
which  evaluates  degradation  modes  which  are  not  currently  addressed  in 
cable  specifications.  A  procedure  for  detecting  solvent  cracking, 
environmental  stress  cracking,  thermal  embrittlement,  as  well  as  oxidative 
deterioration  has  been  developed  and  demonstrated.  The  procedure 
described  in  this  paper  should  replace  current  specification  tests  for 
insuring  adequate  cable  lifetime  expectancy 

Pieaging  of  cable  is  required  to  obtain  accelerated  test  data  in  a  reasonable 
ume  frame  at  lest  temperatures  below  polyethylene's  transition  range  and 
to  simulate  cable  reel  storage  of  filled  cable 

Foam  and  foam  skin  cables  installed  in  the  early  seventies  in  the  South  and 
Southwest  may  begin  to  show  cracking  in  pedestals 
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Tablet 


Comparison  of  number  of  weeks  to  aged  pigtail  failure  of  foam  skin  and  solid  insulation 
after  pre-aging  at  70“  C  for  four  weeks  and  no  pre-aging. 


24  Gauge  Sample 

Filling 

Compound  Type 

Pigtails  aged  at  80“  C 

Pigtails  aged  at  70‘ 

'C 

No  Pre-aging  ] 

Pre-aged 

No  Pre-agmg 

Pre-aged 

tat* 

50% 

100% 

tat* 

50% 

100% 

Inn* 

50% 

100% 

tat* 

50% 

100% 

HOPE  Sofcd 

PE  PJ 

53 

86 

>127 

40 

49 

54 

- 

HOPE  FoamSJun 

ETPR 

39 

56 

>100 

7 

8 

11 

31 

50 

106 

19 

26 

36 

HOPE  Fo»*Skta 

PE  PJ 

ta 

24 

29 

9 

13 

17 

25 

52 

74 

12 

17 

25 

HOPE  Foam 

PE  P  J 

22 

27 

29 

9 

10 

12 

44 

66 

85 

18 

23 

28 

PP  Slun 

1 

Table  II 


Comparison  of  number  of  weeks  to  failure  of  second  pigtails  formed  after  aging  at  80°  C  for  8  weeks, 
tor  wire  not  exposed  to  pre-aging  and  second  pigtails  formed  after  6  weeks  aging  at  80°  C  tor  wire 
exposed  to  pre-aging  at  70°  C  lor  4  weeks. 


24  Gauge  Sample 

Filling  Compound  Type 

No  Pre-aging 

50%  Failure  Rale 

Pre-age 

50%  Failure  Rate 

1st  F’tgtail 

2nd  Pigtail1 

1st  Pigtail 

2nd  Pigtail1 

HOPE  Solid 

PE  PJ 

86 

55 

49 

35 

HOPE  Foam  Skin 

ETPR 

56 

48 

8 

11 

HOPE  Foam  Skm 

PE  PJ 

24 

18 

13 

11 

HOPE  Foam 

PP  Skin 

PE  PJ 

27 

26 

10 

10 

(1 )  Weeks  to  falure  for  second  pigtails  include  tne  time  in  the  80°  C  oven  before  the  second  pigtails  were  constructed 

Table  III 

Percentage  Formation  of  Third  and  Fourth  Pigtails  without  cracks 


Pigtails  aged  at  80“  C 

24  Gauge  Sample 

Filling  Compound  Type 

No  Pre-agmg 

Pre-aged 

3rd 

4th 

3rd 

4th 

HOPE  So*d 

PE  -  PJ 

0 

0  ! 

0 

0 

HOPE  Foam  Skin 

ETPR 

0 

0 

100 

too 

HOPE  Foam  Skin 

PE  PJ 

0 

0 

85 

90 

HOPE  Foam 

PP  Stun 

PE  PJ 

i 

0 

0 

---  . 

too 

too 

■  3rd  petals  made  at  80%  stress  crack  taiiure  ol  first  pigtail 

■  4th  pigtails  made  al  100%  stress  crack  failure  ot  first  pigtail 
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Foam  Skin  Insulation  Static  Stress  Crack  Failure  Samples 
Pre  Conditioning  8  weeks  70'  C 


Penod  o t  Thermal  ai  70'  C.  Waaks 


Foam  Skin  Insulation  Static  Stress  Crack  Failure  Samples 
Pre  Conditioning  4  weeks  <<P  70'  C 
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Graph  III 

Pigtail  Stress  Crack  Failure  Rate  as  a  Function 
of  Exposure  to  Filling  Compound 
(22  AWG  Foam  Skin  Insulation) 
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ro 
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Weeks  Thermal  Aging  @  70“C 
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High  Speed  Coaxial  Cables  for  Electronic  Computers 


K.  SAKAMOTO  S.  YAMAMOTO  T.  KATO  K.  NEGISHI  and  K.  AKIMOTO 

THE  FURUKAWA  ELECTRIC  CO. ,  LTD. 
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Summary 

Highly  expanded  Fluorocarbon  resin  insulated 
core  (so  we  call  "H-TEF")  and  highly  expanded 
cross-linked  polyethylene  insulated  core  (so  we 
call  *H-XLPEP")  have  been  developed  as  miniature 
highly  expanded  insulation  used  in  a  coaxial 
cable  for  the  wiring  of  a  general  purpose  computer 
capable  of  high  speed  propagation. 

(1)  H-TEF:  Development  of  a  fluorocarbon 
resin  insulated  core  of  0.4  mm  thickness  of 
insulation  and  70%  expansion  ratio  has  been 
achieved  by  employing  a  special  designed  screw  and 
introducing  a  constant  flow  injection  system. 

(2)  H-XLPEF :  Development  of  a  polyethylene 
insulated  core  of  0.2  mm  thickness  of  insulation 
and  70%  expansion  ratio  has  been  achieved  by 
arranging  large  cells  near  around  a  conductor  and 
small  cells  near  the  surface  of  insulation  by 
employing  several  kinds  of  gas  having  different 
diffusion  coefficients  together  with  thermally 
decomposable  blowing  chemical  agent. 

1 .  Introduction 


Shorting  of  cable  length  in  circuits 
(intensification  in  density*  and  increasing  of 
velocity  of  propagation  are  being  carried  out  for 
the  purpose  of  expediting  operation  processing  in 
general  purpose  computers  capable  of  high  speed 
propagation  and  testing  devices  of  evaluating  the 
character ist ics  of  LSI.  In  the  presently  used 
general  purpose  computers,  a  coaxial  cable  of 
less  than  2.0  mm  OD  and  of  a  velocity  of 
propagation  of  87%  or  more  of  air  is  required. 

Until  now,  highly  expanded  PTFE  tape  wrapped 
core  has  been  used  for  this  kind  of  insulation. 
However,  it  is  high  in  material  expenses  and  its 
productivity  is  poor.  Therefore,  H-TEF  and  H- 
XLPEF  have  been  developed  by  extrusion  as 
alternates  of  highly  expanded  PTFE. 

H-TEF  produced  by  extrusion  is  character ized 
in  stabilized  electrical  properties  because  of 
smaller  fluctuation  of  its  outer  diameter  and 
capacitance,  excellent  features  in  mechanical 
strength  as  heat  deformation  property.  Besides, 
it  pocesses  excellent  heat  resitance  property. 
Besides,  it  pocesses  excellent  heat  resistance 
property  and  flame  retardance  property.  On  the 
other  hand,  although  H-XLPEF  is  inferior  to  H-TEF 
in  its  mechanical  strength,  heat  resistance 
property  and  flame  retardance  property,  it  is 


equivalent  in  its  electrical  property,  it  is 
equivalent  in  its  electrical  properties  and  also 
can  present  superiority  in  view  of  cost. 

Use  of  these  kinds  of  insulation  are 
properly  selected  depending  upon  the  natures  of 
circuit  design  or  method  of  end  treatment  so  that 
some  merits  concerning  the  price  levels  can  be 
expected  and  these  insulations  have  just  started 
those  practicability  in  place  of  the  highly 
expanded  PTFE. 

2.  Necessary  electric  properties  and  structure 


2.1.  Electrical  properties 


In  any  cable  used  in  a  computer,  the  most 
important  electrical  properties  are  characteristic 
impedance  and  propagation  delay  time.  These 
properties  in  the  case  of  presently  used  general 
purpose  computers  are  follows: 

Characteristic  impedance:  50  -  90  .. 

Velocity  of  propagation:  87%  of  air 

From  view  of  cable  manufacturing  techniques,  a 
low  impedance  with  high  velocity  of  propagation  is 
nothing  but  the  demand  on  a  structure  with 
miniature  and  highly  expanded  insulation. 

The  ratio  of  a  velocity  of  propagation  of 
air  (K)  is  generally  given  by  the  following 
formula. 

1 

K  =  _  x  100  (%) 

y7! 

There  is,  ‘  s  =  Effective  relative 

dielectrics  constant  of 
insulation 


Namely,  condition  s  |  1.32  is  required  so  that 
K  87  be  satisfied.  In  addition,  there  is  a 
relation  give  the  next  formula  between  >s  and 
expansion  ratio. 

: i"  s  F  3  s  (A. S .  Windeler's 

-  =  -  x  -  Formula) 


* i"  'a  2 ‘ s+  a 

There  is,  =  Relative  dielectric  constant 
proper  to  insulation  material 
polyethylene  =2.3 
fluorocarbon  resin 
(PTFE,  PFA,  FEP)  *  2.1 
ia  =  Relative  dielectric  constant 
of  air  *  1.0 

Namely,  in  order  to  satisfy  the  above-mentioned 
conditions,  miniature  highly  expanded  insulation 
of  more  than  65%  expansion  ratio  and  less  than 
1.0  mm  thickness  of  insulation  is  required. 
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2.2,  Structure 

For  the  purpose  of  deciding  the  cable 
structure,  wiring  spaces,  configurations  of 
connectors  and  end  treatment  feasibility  must  be 
taken  into  account  together  besides  the  above- 
mentioned  propagation  properties. 

2.2.1  Structure  of  outer  conductor 

Material  and  structures  for  outer  conductor 
of  coaxial  cable  are  decided  by  taking  not  only 
electrical  properties  but  also  the  flexibility  of 
cable  as  well  as  the  end  treatment  feasibility 
therefore  into  consideration.  Principally 
employed  structures  are  braiding  and  wrap 
shielding  using  copper  wire,  and  tape  wrapping  or 
longitudinal  wrapping  using  aluminium-polyester 
laminated  (Al-PE’H  tape. 

2.2.2  Structure  of  cable 

The  structure  of  a  coaxial  cable  consisting 
of  multiple  coaxial  cores  can  be  roughly 
classified  into  a  round  type  cable  and  a  flat 
type  cable. 

The  flat  type  cable  is  principally  used  for 
internal  wiring  and  the  dimension  of  cable  is 
designed  to  meet  the  structure  of  connector  (for 
example,  connector  contact  pitch  =  2.54  mm,  1.27 
mm  etc. l  .  In  addition,  a  multi-flat  type  cable, 
hvaing  stuck  portion  subjected  to  connector 
attachment  and  having  the  intermediate  portion 
separated  for  easy  wiring,  has  been  also  used 
very  often  recently. 

3 .  Manufacturing  techniques  for  H-TEF 

In  manufacturing  of  miniature  H-TEF,  factors 
for  exerting  significant  influence  on  the  state 
of  expansion  and  the  surface  of  insulation  are 
those  items  stated  below. 

(1)  Uniform  diffusion  of  gas  (forming  agent) 

(2)  Resin  temperature,  quantity  of  added 
gas . 

(3)  Resin  pressure. 

3. 1  Uniform  diffusion  of  gas 

Requirements  for  the  gas  used  as  a  forming 
agent  are,  to  be  not  decomposed  under  molding 
temperature  and  pressure,  to  make  no  reaction 
with  resin,  to  be  well  diffused  in  molten  resin 
and  so  on.  Fluor inated  hydrocarbon,  which  is 
both  thermally  and  chemically  stabilized,  is 
considered  to  be  applicable  to  expansion  of 
fluorocarbon  resin. 

With  regard  to  this  kind  of  techniques  there 
has  been  a  report 1*  on  an  example  which  evidences 
that  an  expansion  ratio  in  the  range  from  50%  to 
60%  can  be  obtained  with  1  mm  or  more  thickness 
of  insulation,  by  moans  of  a  constant  pressure 
injection  system  in  which  a  vent  type  screw  is 
used,  as  shown  in  Table  1,  for  maintaining  the 
pressure  on  the  gas  injection  section  at  about  C 
kg/cm^  so  as  to  supply  gas  at  a  constant 
pressure.  However,  if  this  constant  pressure 
injection  system  is  applied  to  set  up  60% 


expansion  ratio  with  less  than  1  mm  thickness  of 
insulation,  soluble  amount  of  gas  is  fluctuated 
on  account  of  delicate  pressure  fluctuation  on 
the  injection  section,  duly  causing  fluctuation 
in  capacitance  and  outer  diameter  of  expanded 
insulation  to  get  in  difficulty  of  manufacturing 
stabilized  products.  Individual  factors  shown  in 
Table  2  have  been  investigated  so  far  as  the 
points  of  improvement  on  troubles.  Those  points 
are; 

(1)  Establishment  of  constant  flew  gas 
injection  techniques. 

(2)  Fine  control  of  extrusion  rate, 
temperature  and  line  speed  etc.  for  the 
purpose  of  restricting  the  pressure  on 
each  part  of  extruder  within  a  defined 
range. 

(3)  Application  of  a  special  screw 

and  these  items  shall  be  outlined  next. 

Table  1  Knoen  Techniques  of  Manufacturing 
of  Expanded  Fluorocarbon  Resin 

Material 

Ease  Resin  FEP,PFA 

Nuclear  Agent  Boron  Nitride 

Forcing  Agent  Fluorlnated  Hydrocarbon 

Li-nited  Shear  Rate  of  Resin 
Design  of  Tip  A  Die 
Extrusion  Rate 
Line  Speed 

Special  Designed  Vent  Type  Sere® 

Gas  :  0  Kg/^?  Const,  press.  Injection 

t 

>  lrc  Expansion  Ratio  50-60^6 

<  lma*  No:.  Inforcatio 


Table  2  Obstructive  Factors 


A  Isproveuent*  In  ths  Manufacturing  of  Kinlatura  H-TEF 


Factors 

Ieproeesents 

1.  Fluctuation  of  Tesp. 

Subtle  Tesp.  Control 

2.  Fluctuation  of  Sera*  rotations 

Control  of  Scree  Motor 

3.  Fluctuation  of  T  aXe-up 

Control  of  Taks-up  Equipment 

A.  Fluctuation  of  Oas  Injection 
by  Coast.  Press.  Syetea 

Const.  Floe  Systsa 

by  Precision  Puap 

3.  Scree  Design 

Accurate  Design 

A  Precise  Manufacturing 

6.  Tip  A  We  Design 

Accurate  Design 

A  Precise  Manufacturing 

3.1.1  Constant  flow  g 

as  injection  techniques 

A  constant  flow  gas  injection  techniques  has 
been  developed,  whereby  highly  expanded 
insulation  with  stabilized  electrical  properties 
can  be  produced  by  injecting  a  minute  quantity  of 
liquefied  gas  into  high  pressure  molten  resin  at 
a  constant  flow  rate,  and  the  techniques  are 
dependent  upon  a  precision  pump  provided  with  a 
driving  device  requiring  only  small  expense  for 
installation  but  built  up  through  such  processes 
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as  an  injection  inlet  for  liquefied  gas  being 
provided  in  the  intermediate  portion  of  the  barrel 
of  an  extruder,  multiple  piston  pump  being, 
mutually  connected  in  series  between  the  above- 
mentioned  injection  inlet  and  liquefied  gas 
supply  source,  and  phases  of  respective  pump 
being  shifted  by  equal  intervals  to  be  put  in 
reciprocating  motion.  The  outline  of  this  device 
is  shown  in  Fig.  1.  Meanwhile,  is  also  shown  in 
Fig.  2  relationship  between  inhalation  and 
exhalation  of  each  piston  in  the  case  of  three 
pistons  pump,  solid  lines  A,  B,  C  show  the 
inhalation  quantities  and  exhalation  quantities 
of  respective  pistons  pump  and  dotted  lines  D,  E 
show  the  synthetic  inhalation  quantity  and 
exhalation  quantity  for  the  total  pump  devices. 


Scr««  Hotor 


nj.2  Inhale  l  Exhale  of  Three  Piatone  Puap 


3.1.2.  Screw  design 

When  miniature  H-TEF  is  manufactured  by 
extrusion,  a  point  of  screw  design  is  to  suppress 
any  pressure  fluctuation  on  a  gas  injection 
section  as  small  as  possible.  Fig.  3  shows  the 
configuration  of  a  screw  and  fluctuation  of  the 
pressure  inside  the  barrel  of  the  extruder  due  to 
lapse  of  time,  thereby  it  is  also  shown  that  in 
the  case  of  a  full-flight  screw  or  a  Maddock 
screw  provided  with  no  vent  zone  (injection 
section  is  a  compression  zone  in  the  case  of 
full-flight  screw  and  Maddock  zone  in  the  case  of 
Maddock  screw,  as  shown  in  Fig.  ,  pressure 
fluctuation  is  large  on  the  gas  injection 
section,  duly  causing  a  large  fluctuation  in  the 
capacitance  and  outer  diameter  of  insulation.  On 
the  contrary  the  pressure  fluctuation  is 
suppressed  low  in  the  case  of  a  screw  provided 
with  a  vent  zone  at  intermediate 


portion  of  a  compression  zone  and  with  a  mixing 
zone  on  its  tip  area,  because  back  pressure 
occured  in  the  mixing  zone  and  cross-head  is 
dwindled  in  the  vent  zone,  so  the  pressure 
fluctuation  at  the  injection  section  where  is  rear 
of  the  vent  zone  as  shown  in  fig.  3  becomes 
small.  Furthermore,  the  pressure  fluctuation 
smaller  in  a  shallow  depth  type  than  in  a  deep 
depth  type,  because  in  the  case  of  a  small  depth 
type  it  is  more  difficult  for  the  back  pressure 
to  turn  back  to  the  gas  injection  section. 

However,  caution  must  be  used  in  this  case, 
because  an  excessively  large  load  may  be  applied 
to  the  screw  unless  the  channel  dpeth  in  the  vent 
zone  is  properly  balanced  with  the  channel  depth 
of  compression  zone  with  shallow  depth  in  front 
and  rear  of  the  vent  zone. 


Fig. 3  Relations  between  Screv/  Design 

&  Pressure  in  Extruder 


Screw  Design 

Pressure  in  Extruder  Barrel 

[  > . ^  1 . 

jf 

— 

Full-Flight  Screw 

C.  I 

Tla, 

C.X  Gt*  c  z 

1  l  l 

Maddock  Screw 

tui 

C*H  catc.z 

J 

vent  Type  Screw 
with  Mixing  Zone 

(Deep  Depth) 

C.H 

'  '  "c‘’ 

Tli* 

C.X  Gat  C.Z 

Vent  Type  Screv/ 
with  Mixing  Zone 

(Shallow  Depth) 

J 

- - -■  •.  - - C.Z 

**"  '  '  l’" - - -  1  Gat 

TIM 

*1)  C.1  :  Crosr-heai  *  ?)  C  Z  :  Ccapr* • *ion  Zone 


3.2.  Resin  temperature,  quantity  of  added  gas 

The  state  of  expansion  (size  and  number  of 
cclls»  ,  adhesion  to  a  conductor  and  the 
appearance  of  insulation  are  significantly 
influenced  by  resin  temperature  and  quantity  of 
added  gas. 

Firstly,  with  regard  to  the  size  and  number 
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of  colls,  the  more  the  quantity  of  added  yas  is, 
the  smaller  and  the  more  the  size  and  the  number 
of  cells  are  respectively,  provided  that  various 
conditions  such  as  the  screw  rotations  and 
diameter  of  tip  and  die  etc.  beside  the  resin 
temperature  are  all  kept  constant  as  shown  in  Fig. 
4.  in  the  case  of  miniature  highly  expansion, 
the  cells  must  be  limited  to  a  small  size  in 
order  to  be  rendered  "miniature",  but  cells  of 
excessively  small  size  can  not  maintain  necessary 
expansion  ratio.  Therefore,  it  is  preferable  to 
arrange  a  large  number  of  cells  with  the  allowable 
maximum  size.  Photo  1,  2  show  examples  of  both 
cases  of  small  cells  and  largo  cells  respectively, 
as  photo  1  presents  the  case  of  59%  expansion 
ratio,  while  photo  2  presents  the  case  of  67% 
expansion  ratio  which  is  characterized  in 
existence  of  a  number  of  rather  large-sized  colls 
i n  i n do  finite  sh ape s . 


Next,  with  regard  to  the  influence  on 
adhesion  to  a  conductor,  the  higher  the  resin 
temperature  is  and  the  more  the  quantity  of  addo 
gas  is,  the  worse  the  state  of  adhesion  in 
rendered,  an  shown  in  Fig.  5. 


Sle.5  ?el*'.icr.5  fce'.w-es  Resin  Tenjeratjre, 

Gas  Quantity  £  Stats  of  Adhesion  to  a  Cendactcr 


Lac.tly,  with  regard  to  the  influence  on 
surface  of  insulation,  the  more  the  quantity 
added  gas  is,  and  the  lower  the  resin  temper 
is,  the  worse  the  surface  of  insulation  is 
rendered,  as  shown  in  Fig.  6.  However,  the 
surface  of  insulation  becomes  worse  if  th«' 
temperature  is  excessively  high  Lc-caus**  the 
can* easily  escape  outside  the  insulation. 


of 


13 


Flf.i*  Relations  batwaen  ftaein  Taaparatura, 

0*a  Quantity  fc  Ststa  of  Calla 
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3.3.  Resin  pressure 

It  has  been  well  known  that  the  surface  of 
insulation  etc.  may  be  remarkably  influenced  by 
shear  rate  of  resin  when  fluorocarbon  resin  is 
molded  in  extrusion/  but  mutual  influence  has  been 
confirmed  to  take  place  between  the  shear  rate  of 
resin  and  resin  temperature  in  case  of  expansion. 
Fig.  7  shows  the  results  of  selecting  both  a 
cross-head  pressure  and  a  die  set  temperature  as 
one  each  scale  of  shear  rate  of  resin  and  resin 
temperature  respectively  so  as  to  show  the 
relations  between  those  date  and  expansion  ratio. 
As  shown  in  this  figure,  the  expansion  ratio 
increases,  as  the  cross-head  pressure  rises, 
until  it  reaches  its  peak  value  and  rather 
decreases  across  the  peak  value  accompanied  by  a 
worsened  surface  of  insulation.  In  addition, 
since  it  has  been  also  found  out  that  die  set 
temperature  also  has  a  peak,  both  the  cross-head 
pressure  and  die  set  temperature  must  be  kept  in 
a  definite  range  so  as  to  set  up  an  expansion 
ratio  of  more  than  the  required  65%,  Then,  the 
design  of  a  tip,  a  die  and  a  screw,  temperature 
control  and  selection  of  material  viscosity  etc. 
are  considered  significant  for  the  above- 
mentioned  purpose. 


4.  Manufacturing  techniques  for  H-XLPEF 

There  has  been  a  report^'  on  an  example 
which  represent  a  miniature  highly  expanded 
polyethylene  insulated  core  techniques  effected 
by  double  layer  insulation  by  common-head 
extrusion,  so  far  as  the  conventional 
manufacturing  techniques  concern,  but  a  single 
layer  insulation 


considered  to  be  limited  to  expansion  ratio  60% 
also  to  have  such  a  shortcoming  as  low  mechanical 
strength.  Processes  for  improving  this  problem 
have  been  put  in  successful  result  by  means  of  a 
below-mentioned  method,  in  form  of  development  of 
a  miniature  H-XLPEF  with  high  mechanical  strength. 
The  points  of  development  of  H-XLPEF  are  as 
follows. 

1  To  employ  several  kinds  of  gas  different 
in  each  diffusion  coefficient  together  with  a 
thermally  decomposable  blowing  chemical  agent  so 
as  to  arrange  large  cells  near  around  a  conductor 
and  small  cells  near  the  surface  of  insulation. 

2  To  select  a  polyethylene  of  high 
mechanical  strength  and  enhance  this  strength  by 
means  of  cross-linking  by  irradiation  of  electron 
beam. 

A  section  of  H-XLPEF  is  shown  in  Photo  3. 


Photo  3.  Section  of  highly  expanded 
cross-linked  polyethylene 


5.  Properties 

Results  of  evaluation  for  both  highly 
expanded  fluorocarbon  resin  insulated  core  and 
highly  expanded  cross-linked  polyethylene 
insulated  core  are  reported  herein.  The 
structure  of  the  presently  evaluated  insulated 
core  is  as  follows. 

Conductor  :  7/0.08  rm  annealed  copper 

wire  (32AWQ 

Expansion  ratio:  70% 

Outer  diameter  :  1.15  mm 

Meanwhile,  the  evaluation  was  carried  out  in 
comparison  with  a  highly  expanded  PTFE. 

5.1.  Heat  resistance  properties 

A  tensile  test  after  heating  in  UL  method 
and  a  heat  bend  test  in  the  same  heating 
condition  as  the  above  have  been  carried  out  for 
evaluating  the  heat  resistance  property. 
Meanwhile,  the  method  of  the  heat  bend  test  is 
that  insulated  core  shall  be  wrapped  6  times 
around  a  mandrel  of  a  diameter  of  insulated  core 
after  heating,  and  no  generation  of  crack  is 
assigned  to  a  satisfactory  grade. 

Table  3  includes  the  results  of  tests  which 
imply  such  heat  resistance  properties  as 
applicable  to  UL  250fcC  rating  for  H-TEF  and  to  UL 
105°C  rating  for  H-XLPEF. 


International  Wire  &  Cable  Symposium  Proceedings  1987  487 


Table  3  Heat  Resistance  Properties 


Condition 

0L  Standard 

Qchly  Expand  ad 

Croaa-llnkad 

Poly*  thylana 

SI* My  Expanded 

naorocarboa  Banin 

S 

m 

! 

3  *  £ 

■O  k 

■3*2 

I5SSS 

BEB 

121 

90  °c 

121  °C  X  7d«T« 

EE3 

106 

105  °c 

lj£  °C  X  ?daya 

94 

125  °e 

158  °C  X  ?4e*e 

>  70 

76 

250  °C 

26?  °C  X  ?daya 

>  85 

117 

110 

2  * 

1  I 

-3  f 

■a  2 

5  « 

80  °c 

113  °C  X  7day« 

>  70 

142 

90  °C 

121  *C  X  7 4*ye 

>  70 

133 

105  °C 

136  °C  X  ?day# 

>  70 

80 

125  °C 

158  #C  X  ?daya 

>  70 

38 

250  °C 

287  °C  X  ?daya 

>  85 

100 

100 

£ 

U>  #C  X  7<«*jr» 

Passed 

12 1  °C  f  7d«ye 

Passed 

136  °c  x  7daye 

Passed 

158  °C  X  74«J« 

Palled 

287  °C  X  7daye 

Passed 

Passed 

Pressure 

direction  Parallel 
, plate 

777*h 


Test  piece 


Conductor 


t  =  thickness  of  Insulation 
d  =  diameter  of  conductor 
D  =  outer  diameter  of  insulation 


Fig.8  Method  of  Heat  Deformation 


5.2.  Shrinkage  ratio  after  heat  cycle 

Any  material  insulated  on  a  conductor 
possesses  such  unfavorable  properties  as 
occurrence  of  shrinkage  due  to  the  ambient 
temperature  subject  to  presence  of  redidual 
strain  or  poor  adhesion  to  the  conductor.  When 
the  shrinkage  occurs,  practically  serious 
problems  may  take  place  because  the  conductor  is 
exposed.  Hereat  the  shrinkage  ratio  of  an 
insulation  was  measured  after  the  about  1000  mm 
long  insulation  provided  with  a  conductor  thereon 
had  been  subjected  to  a  cycle  test  10  times, 
wherein  the  insulation  is  left  at  -20°C  for  30 
minutes  immediately  after  it  has  been  left  at 
60cC  for  30  minutes.  The  obtained  results  are 
shown  in  Table  4  in  which  it  has  been  confirmed 
that  both  H-TEF  and  H-XLPEF  can  make  hardly  any 
shr inkage. 


Table  4  Shrinkage  Ratio  after  Heat  Cycle 


Insulation  Material 

Shrinkage  Ratio 

(*> 

Highly  Expanded  Fluorocarbon  Renin 

0.1 

Highly  Expanded  Cross-linked  Polyethylene 

0.1 

(Coaparleon)  Highly  Expanded  PTFE 

0.4 

60  °C  X  30  nln..—  -20  °C  X  30  ala.  10  cyclee 


5.3.  Heat  deformation  properties 

When  expanded  material  is  utilized  as 
insulation  its  deformation  responding  to  an 
external  stress  points  out  problems.  Hereat  the 
heat  deformation  properties  against  a  temperature 
were  obtained  through  a  test  method  JIS  C  3005  as 
shown  in  Fig.  8,  thereby  the  used  weight  is  250 
gr.  Meanwhile,  a  deformation  ratio  is  found  out 
from  the  following  formula. 


Deformation  ratio  (%)  « 

(Thickness  of  (Thickness  of 

insulation  -  insulation 

before  heating)  after  heating) 

_  x  100 

(Thickness  of  insulation 
before  heating) 

The  results  are  shown  in  Fig.  9,  in  which  it 
is  known  that  the  deformation  ratio  is  small  such 
as  less  than  3%  at  ordinary  temperature  (20°Q 
being  at  quite  a  normal  level  where  no  trouble 
may  occur  in  a  practical  work.  Further,  the 
deformation  ratio  is  less  than  10%  even  in  a  high 
ambient  temperature,  up  to  80 °C,  and  both  H-TEF 
and  H-'XLPEF  proved  to  be  superior  to  a  highly 
expanded  PTFE. 


FIg.9  Heat  Deformation  Properties 
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5.4.  Cut  through  properties 

The  cut  through  test  prescribed  in  UL  sub. 

758  is  an  effective  means  for  evaluating  the 
strength  of  insulation.  A  weight  is  placed  on  the 
insulated  core  via  a  V-edge  of  3  mil  blade  tip  as 
shown  in  Fig.  10  and  the  amount  of  weight  is 
measured  just  when  the  insulation  breaks  to  bring 
the  metal  blade  tip  in  contact  with  a  conductor 
to  set  up  electric  continuity.  Hearat,  the  tests 
have  been  applied  to  both  a  solid  fluorocarbon 
resin  insulated  core  and  a  solid  cross-linked 
polyethylene  insulated  core  in  the  same  structure 
for  the  purpose  of  comparison,  besides  the  above- 
mentioned  highly  expanded  PTFE. 

Table  5  shows  the  results  of  a  cut  through 
test  at  ordinary  temperature,  wherein  any 
remarkable  deterioration  of  properties  can  be 
observed  in  neither  H-TEF  nor  H-XLPEF  in 
comparison  with  those  of  a  slid  resin  insulated 
core. 


Fig*10  Cut  Through  Test 


Table  5  Out  Through  Properties 


Insulation  Material 

Weight  (Kg) 

Highly  Expanded 

Fluorocarbon  Resin 

2.6 

Highly  Expanded 

Cross-linked  Polyethylene 

1.6 

(Comparison) 

Highly  Expanded  PTFE 

1.7 

(Comparison) 

Solid  Fluorocarbon  Resin 

3.1 

(Comparison) 

Solid  Cross-linked  Polyethylene 

2.0 

Diminution  length  (mnt 

=  (Diameter  of  central  portion  before  weight 
loading  (-300nurt) 

-  (Diameter  of  central  portion  after  weight 
loading  (=Xmnt) 

Fig.  12  shows  the  relations  between  a  weight 
and  diminution  length,  wherein,  the  highly 
expanded  insulations  prove  to  have  much  more 
excellent  property  than  that  of  solid 
insulations. 


WSight 


Fig. 11  Method  of  Flexibility  Test 


0  12  3  4  5 


Weight  (gr) 


5.5.  Flexibility 

The  flexibility  has  been  evaluated  by  having 
a  weight  hung  on  a  circular  sample  with  300  mm 
diameter  and  measuring  the  diminution  length  of 
the  diameter  in  the  central  portion  of  the  sample 
as  shown  in  Fig.  11.  The  diminution  length  is 
found  out  from  the  following  formula. 


rig. 12  Flexibility 

5.6.  Electrical  properties 

Table  6  shows  the  typical  values  of 
capacitance,  propagation  delay  time,  and 
character ist ic  impedance  of  coaxial  cores 
consisted  of  a  highly  expanded  insulation  which 
has  been  presently  developed.  Meanwhile,  the 
propagation  delay  time  and  the  characteristic 
impedance  were  measured  by  means  of  TDR  (Time 
Domain  Ref lec tome try)  method. 
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Table  6  Electrical  Prop*rti»« 


i 


r 


^'""■'^^^^iBanlatioa  Materiel 

It** 

Highly  Expanded 

naorecarboa  Stele 

Highly  Expanded 

Croee-lluked 

Poly*ehyl*a*> 

Expaealoa  Betlo 

(X) 

70 

72 

**3 

44 

H 

1.2a 

1.29 

3.8 

Characteristic  I*p«daace 

91 

90 

6 .  Application  to  other  kinds  of  cable 


Apparatuses  presently  requiring  a  velocity 
of  propagation  of  87%  of  air  are  principally 
general  purpose  computers#  but  fur thermore, 
characteristic  evaluating  tester  as  LSI  or  the 
like  and  medical  apparatuses  belong  to  this 
categoly.  On  the  other  hand,  miniature  highly 
expansion  techniques  may  become  indispensable  for 
miniaturization  of  cables  required  in  accordance 
with  further  progress  of  thin  thickness,  light 
weight  and  compactness  of  apparatuses  in  future. 

A  cable  insisted  of  highly  expanded  insulation  is 
required  in  OA  apparatuses  or  Audio/Video 
implements  in  view  of  more  "miniature"  than  "high 
speed  propagation"  and  particularly,  highly 
expanded  polyethylene  of  a  low  cost  can  be 
expected  to  be  widely  employed  in  these 
engineering  fields. 


its  heat  resistance  property  and  mechanical 
strength  owing  to  cross-linking  by  irradiation  of 
electron  beam,  besides  its  electrical  property 
presenting  a  velocity  of  propagation  of  87%  or 
more  of  air  and  characteristic  impedance  of  52  to 
90.. 
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7.  Conclusion 

As  the  result  of  developing  H-TEF  and  H- 
XLPEF  to  obtain  a  miniature  highly  expanded 
insulation  used  for  a  miniature  coaxial  cable 
having  a  velocity  of  87%  or  more  of  air 
applicable  to  the  wirings  of  a  general  purpose 
computer  capable  of  high  speed  propagation, 

(1)  it  has  been  successful  to  develop  a 
fluorocarbon  resin  insulated  core  having  0.4  mm 
thickness  of  insulation  and  70%  expansion  ratio  as 
the  result  of  employing  a  special  screw  for 
suppressing  pressure  fluctuation  of  molten  polymer 
in  a  extruder,  introducing  a  gas  constant  flow 
injection  system,  and  further  finely  controlling  a 
temperature,  a  gas  quantity  and  a  cross-head 
pressure.  By  means  of  the  above-mentioned 
insulation,  we  have  been  able  to  provide  such  a 
coaxial  cable  as  being  excellent  in  its  flame 
retardance  property,  heat  resistance  property  and 
mechanical  strength  besides  its  electrical 
property  presenting  a  velocity  of  propagation  of 
87%  or  more  of  air  and  characteristic  impedance  of 
85  to  90  and 

(2)  it  has  been  successful  to  develop  a 
polyethylene  insulated  core  having  0.2  mm 
thickness  of  insulation  and  70%  expansion  ratio, 
as  the  result  of  employing  several  kinds  of  gas 
having  different  diffusion  coefficients  together 
with  thermally  decomposable  blowing  chemical 
agent.  By  means  of  the  above-mentioned 
insulation,  we  have  been  able  to  provide  such  a 
coaxial  cable  of  a  low  cost  as  being  excellent  in 
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A  Compact  Cable  for  Within  Building  1.544  Mb/s  Digital  Transmission 


M.  L.  F uller 
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2000  N.E.  Expressway 
Norcross,  Georgia  30071 


A  new  spatially  efficient  26  gauge  cable  has  been 
developed  to  relieve  the  cable  congestion  that  is  often 
encountered  in  telephone  company  central  offices  The 
new  cable  is  intended  to  replace  the  traditional  2*2  gauge 
cables  used  lo  interconnect  1  514  Mb  s  (DSl)  equipment 
to  a  standard  interface  called  a  Digital  Signal  Cross- 
connect  (DSX)  frame  With  one-half  the  cross-see  turn  a  l 
area  of  the  current  *2*2  gauge  cable,  the  new  cable  will  help 
relieve  the  growing  cable  congestion  problems  created  by 
the  increased  use  of  ever  smaller  digital  equipment 

The  new  cable  has  improved  impedance  and  attenuation 
uniformity,  better  crosstalk  isolation  between  pairs, 
reduced  pulse  distortion,  lower  mutual  capacitance,  higher 
impedance.  and  higher  attenuation  The  higher 
impedance  and  attenuation  limit  the  maximum  cabling 
distance  to  450*.  down  from  655*  for  the  current  *22  gauge 
cables.  However,  the  150*  limit  is  adequate  for  over  99*7 
of  the  applications. 

This  paper  will  describe  the  physical,  electrical  and 
systems  characteristics  of  the  new  cable  by  comparing  it 
with  the  traditional  '22  gauge  cable  it  is  intended  to 
replace 

l.  Background 

Telephone  company  central  offices  have  a  rapidly 
increasing  concentration  of  digital  equipment  and 
associated  cabling  Of  particular  interest  in  this  paper  is 
the  twisted  pair  copper  cabling  between  equipment 
transmitting  1.541  Mb  s  (or  l)Sl  rate)  and  a  standard 
interface  called  a  Digital  Signal  Cross-connect  frame,  or 
DSX  1  Traditionally,  the  central  office  cabling  between 
DS|  equipment  and  the  DSX  has  been  via  *22  gauge.  * 

corrugated  aluminum  shielded  cables,  often  called 
A  BAM  In  more  recent  years.  ABAM  cable  has  been 
upgraded  to  a  foil  shielded  version,  called  6(XK *  cable. 

DS|  signals  already  widely  used  for  inter-oflV«.  trunks  and 
loop  carriers,  are  now  economically  multiplexed  to  higher 
bit  rates  and  transmitted  for  long  distances  over  single- 
mode  lightguide  fibers.  This,  combined  with  VLSI 
technology  making  the  equipment  smaller  and  smaller,  hits 
led  to  ever  larger  volumes  of  cable  being  required  to 
interconnect  digital  equipment  with  DSX  frames  The 
additional  cable  is  causing  severe  cable  congestion  To 
help  alleviate  these  cable  congestion  problems  a  new  26 
gauge  foil  shielded  rable  has  been  designed 

The  remainder  of  this  paper  will  describe  the  new  cable  bv 
comparing  first  the  physical  characteristics  then  the 


electrical  characteristics  between  the  new  26  gauge  cable 
and  the  existing  2*2  gauge  cable.  Overall  system 
limitations  will  also  be  discussed.  For  simplicity,  I  will  use 
the  AT&T  cable  codes,  "600C"  for  the  traditional  2*2 
gauge  cable,  and  "1*249"  for  the  new  26  gauge  cable. 

2.  Comparison  of  Physical  Characteristics 

The  600C  cable  uses  2*2  gauge  tinned  copper  conductors 
insulated  with  solid  polyethylene  (PE)  with  a 
polyvinylchloride  (PVC)  skin,  a  dual  aluminum  foil  shield 
with  drain  wire,  and  a  PVC  jacket  The  1249  cables  use 
*26  gauge  tinned  copper  conductors  insulated  with 
expanded  polyethylene  (XPE)  with  a  PVC  skin,  an  inner 
PVC  jacket  over  the  pairs,  a  dual  aluminum  foil  shield 
with  drain  wire  over  the  inner  jacket,  and  an  outer  PNC’ 
jacket  Figure  l  depicts  the  cable  components. 

Table  \  compares  the  physical  components  of  the  two 
cables.  The  effects  of  each  of  the  physical  differences  is 
discussed  in  the  following  sections. 

TABLE  1.  Cable  Construction  Comparison  -  1249  vs  600C 


Component 

600C 

1249 

Conductor  Gauge 

22 

26 

Insulation  Materials 

PE  PVC 

XPE  PVC 

Insulation  Thickness 

0105  .0015 

0065  0015 

DOD* 

.049" 

032" 

Twist  Lengths 

2”-  5“ 

0.5"-  I" 

Color  Code 

Dual 

Solid 

Shield  Material 

Alum  Foils 

Alum  Foils 

I’VC  Jack.  ! 

Outer  Only 

Inner  *Vr  Outer 

*  Diameter  Over  Dielectric  (DOD). 

2.1  Insulated  Conductors 

Tinning  is  added  to  the  copper  conductors  in  both  cables 
to  ensure  a  low  resistance  long  life  termination  when  used 
with  insulation  displacement  contact  elements  or  wire- 
wrap  pins.  The  insulation  material  used  on  the 
conductors  in  1249  cable  is  0.0065”  of  XPE  and  0.0015"  of 
PVC.  The  600C  conductors  are  insulated  with  0.0105"  of 
PE  and  0  0015”  of  PVC.  The  XPE 'PVC  insulation  is 
softer  than  PE/PVC.  However,  initial  field  trials  have 
shown  that  the  softness  does  not  create  installation 
problems. 
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FIGURE  1 .  CABLE  CONSTRUCTION  COMPARISON 
1249  vs.  600C 


2.2  Twisted  Pairs 

Both  cables  usf*  the  standard  telephony  color  code  (blue, 
orange,  green,  brown  and  slate  as  primary  colors,  and 
white,  red.  black,  yellow  and  violet  as  secondary  colors''  ) 
to  identify  the  pairs  In  6(XK'  cable  each  lead  is  uniquely 
identified.  For  example,  pair  one  has  a  blue  lead  with 
white  dots  and  a  white  lead  with  blue  dots.  In  1219  cable 
each  pair  is  uniquely  identified.  For  example,  pair  one 
has  a  solid  blue  lead  and  a  solid  white  lead.  Short  twist 
lengths  used  in  1219  cable  (less  than  one  inch)  ensure  the 
leads  of  each  pair  do  not  come  untwisted  when  the  sheath 
is  removed  and  pairs  are  handled  for  termination.  I  he 
longer  twist  lengths  used  in  6000  cable  (2"  to  5")  may 
come  untwisted  when  the  sheath  is  removed  The  short 
twists  on  1219  cable  not  only  guarantee  the  identification 
of  each  pair,  but  also  reduce  the  chance  of  piektng  up 
extraneous  interference,  as  discussed  later. 


2.3  Shield 

The  shield  used  on  both  cables  is  the  same  It  cmiisjM>  <•) 
two  aluminum  foil  tapes  applied  longitudinally  Fa<  h 
tapes  has  001"  of  aluminum  with  002"  mylar  backing  f< -r 
mechanical  Mai  ilily  The  tapes  are  applied  with  the 
aluminum  surfaces  facing  each  other,  and  a  common  dram 
wire  between  he  two  foils  To  ground  the  shield,  tin- 
drain  wire  can  be  wire-wrapped  or  soldered  to  t  In- 
equipment  ground  system 

2.4  Cable  Dimensions 

Both  cables  come  in  a  variety  of  pair  counts  'Fable  2 
shows  the  diameter  and  cross-sect  ion  a  I  area  of  !>•<{  It 
cables  The  combination  of  reduced  conductor  si/<-  and 
improved  insulation  material  used  on  1219  cable  yields 
cross-sectional  areas  one-half  that  of  the  600(  '  cables 
'Phis  reduced  cross-section  will  result  in  one-half  the  cable 
pile-up  in  cable  racks  in  central  offices 

Figure  2  shows  the  congestion  difl'erencr  between  the  two 
cables  in  actual  central  office  installations 
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TABLE  2.  Dumeter  and  <  >«>** 
l»(KK 


Pair 

Count 

;  fi 

12 

i 

•JO 


:«> 

vj 

r»o 


Diameter 

(inchea) 


600C 

:oT" 

I* 

M 

til 

(>«) 


1249 

" 

32 

;th 

3« 

»3 

17 

1,0 


1  *;** r  S|/*- 


Croea-aection 
(»q.  in.)_ 

1240 


600C 

i 

2» 

J«l 


II 

1“ 


Os 

10 

\A 

r» 

Is 


3.  Comparison  of  Electrical  Characteristics 

Tahir  A  compares  t  Ik*  nominal  r i*  al  parameter*  •  ■!  tlo 
cables  S'i*(ti*»ns  following  I  lie  table  relate  the  phvsi<al 
and  electrical  parameters  to  the  performance  <  >f  the  >  able 

TABLE  3.  Typical  Electrical  Parameter*  -  1210  an<l  MKK' 
(abbs 


inn  r— 


■»n 


\ 

T 

T 

I 

N 

l 

A 

T 

I 

() 

\ 


!0 


1  h  . 
n  I 


wax  (  ,1.1, 

I  J  |0  (  able 


i  _  L 

0  '»  I 


i  -1 

■»  m 


.  j 
VI 


KIU.OI  l\<A  i Mil/ 1 


Parameter 

aooc 

1249  ! 

Capacitance  {nK  mi) 

HA 

Impedance  fi  at  772kllz 

100 

120  j 

Attenuation  1  772  kHz 

1  « 

•III  per  1000'  |  1  6  Mil/ 

«  6 

*  2 

Crosstalk  Improvement 

vis  .111 

Meets  DSX  Template’ 

y  e> 

>es 

•  maximum  length 

tir»V 

i-.ir 

3.1  Attenuation  Comparison 

As  (I  II  Webster  shows.  4  26  gauge  pairs  with  63  n K  mi 
mutual  capacitance  yield  a  cable  of  minimum  cross-section 
for  carrier  frequency  applications.  I  sing  expanded 
polyethylene  (dielectric  constant.  <  I  6  nominal)  as  an 
insulation  material  for  12-19  cable,  instead  of  the  solid 
polyethylene  |<  2.3  nominal)  used  in  f>00(*  cable,  along 

with  choosing  the  appropriate  insulation  thickness  yields  a 
low  capacit anoe.  spatially  efficient  cable  'I  he  following 
equation  is  an  excellent  approximation  for  the  high 
(  frequency  attenuation  (o)  in  terms  of  resistance  (U). 

mutual  capacitance  (C),  ami  inductance  (L)  for  pairs 
insulated  with  low  loss  dielectric  materials  like  PE  PVC 
or  XPE  PVC’ 


Equation  1.  High  Frequency  Attenuation 

As  Equation  I  shows,  reduced  mutual  capacitance 
translates  into  reduced  attenuation  if  all  other  parameters 
are  constant.  Therefore,  as  Webster  suggest*,  by  reducing 
the  mutual  capacitance  of  the  26  gauge  cable  to  63  nP  mi. 
we  have  lowered  its  attenuation  by  approximately  lSf7. 
when  compared  to  a  26  gauge  cable  with  83  nK  mi 
capacitance  Due  to  the  increased  resistance  of  the  26 
gauge  conductors,  the  1249  cable  has  approximately  30°r 
higher  attenuation  than  600C  cable  Figure  3  graphically 


Figure  3.  \f  fcrtuuf  mu  (dll  per  |00(Km  *  Frequency  iMII/1 


depicts  the  attenuation  of  both  rallies  While  both  cables 
have  loss  that  is  approximately  proportional  to  the  square 
r,«ot  of  1  requeue v .  it  is  interesting  to  compare  the  ratio  <>f 
losses  at  I  0  MHz  and  0  l  MHz  This  ratio  is  2  8  for  the 
600C  cable  ami  is  2  2  for  the  1219  cable  A*  will  be  shown 
below,  the  1219  cable  has  less  pulse  distortion 


3.2  Impedance  Comparison 

Reducing  the  capacitance  also  raises  the  impedance  (/,,) 
as  Equation  2  shows'* 


Equation  2.  High  Frequency  Impedance 


The  impedance  <j  if  fere  nee  between  1249  and  G00C  cable 
may  create  a  sig  tal  reflection  at  the  DSX  when  equipment 
cabled  with  on  ■  type  cable  is  connected  to  equipment 
cabled  with  the  other  type  cable  Experiments  have 
shown  that  these  reflections  are  less  than  (1  1  dB.  with 
very  few  reflections  greater  than  0  2  dB  Figure  4  shows 
the  test  set-up  used  to  measure  the  reflections  The 
system  implications  of  this  reflection  is  discussed  later 

3.3  Crosstalk  and  Immunity  to  Interference 

The  short  twists  improve  the  crosstalk  between  pairs 
within  the  1219  cable  As  Figure  r»  shows,  the  short  twists 
force  the  pairs  to  remain  more  spatially  separated,  while 
the  longer  ;wists  used  on  6(X)C  cable  allow  the  pairs  to 
nest  together.  The  additional  spatial  separation  is  a 
major  contributor  to  the  improved  crosstalk  between  pairs 
in  the  1249  cable  Figure  6  graphically  depicts  the 
crosstalk  differences  between  the  two  cables 
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600C  CABLE 


2  SHELVES 
12.3  sq.in. 
EACH 


1249  CABLE 


FIGURE  2.  INSTALLATION  COMPARISON 


T‘»  terminate  the  » able  Itsul?*  Mil  equipment  till-  h 

including  I  hr  shield.  mii^i  be  removed  f  r*  »m  up  to  t  h  i  r » > 
SIX  inches  of  t  able  When  the  shield  is  removed  I  he  pair** 
"f  both  rubles  are  lllore  susceptible  to  KM l  fr**m  outside 
mtei  teli  fs  The  pairs  of  tM  M  K '  ruble,  with  their  longer 
twists,  *  *1 1  **n  become  untwisted  when  the  sheath  is 
removed,  tllllklllg  them  even  more  susceptible  to  i:\ll 
1  he  short  twists  used  ill  the  1 2 1*1  cable  d*»  Hot  come 
lint  Wr  1st  ed  when  the  sheath  IS  r»m«.v»‘(|  Therefore  t  |1# 
rubles  are  more  immune  to  central  office  mterferers  than 
tiOtK  1  cables  This  difference  is  difficult  to  quantify  due  to 
the  variation  m  installation  methods  f..r  these  cables 


3.4  Inner  Jacket  Effect 

Hie  inner  jat  k«t  on  the  I  Jl**  cable  spatially  separates  the 
insulated  conduetors  from  the  hul  shields  This  separation 
reduces  the  high  frequency  resistance  and  capacitance 

while  increasing  the  inductance  \|J  <»f  these  chance-  as 

shown  by  Equation  t  refiner  the  attenuation  for  those 
pairs  near  the  shield 

We  gam  another  benefit  from  the  inner  jacket  -  improved 
impedance  and  attenuation  uniformity  between  pair- 
within  a  cable  and  between  different  pair  si/e  cables  Kor 
example,  at  l  MHz,  the  typical  standard  deviation  for 
impedance  is  I  0  U  for  I’JKJ  »  able  and  2  3  U  for  f»00<  *.  and 


International  Wire  &  Cable  Symposium  Proceedings  1987  495 


DS1 

TRANSMITTER 


655'  of  600C 
CABLE  100  A 


NO 


655'  of  600C 
CABLE  100A 


REFLECTION 


CABLE  100  a 


0.4dB 
MAX. 
REFLECTION 


120  a 


METHOD  : 

1  MEASURE  LOSS  THROUGH  TWO  655'  PIECES  OF  600C  CABLE  <6.0  dB) 

2.  MEASURE  LOSS  THROUGH  655'  of  600C  and  450'  of  1249 

655'  600C  =  3.0  dB 
450'  1249  =  2.6  dB 
REFLECTION  =  0.4  dB  MAX. 

TOTAL  LOSS  6.0  dB  MAX. 


FIGURE  4.  IMPEDANCE  MISMATCH  REFLECTION  MEASUREMENTS 


A  <!  0 


1249  SHORT  TWISTS 
REMAIN  SEPARATED 


FIGURE  5  EFFECT  OF  TWIST  LENGTH 
ON  SPATIAL  SEPARATION 


the  typical  standard  deviation  for  attenuation  is  0  1  dll  for 
1219  cable  and  0.7  dB  for  6000  cable.  This  means  the 
transmission  properties  of  each  pair  will  be  closer  to  the 
stated  values  for  the  12*19  cable  than  for  the  600(\ 

4.  DSX  Standards 

The  DSX  is  a  manual  cross-connect  point  to  interconnect 
the  DSl  signals  in  a  central  office  It  is  a  centralized 
location  for  testing,  maintenance.  and  circuit 
rearrangement  for  these  DSl  signals  In  order  to 
administer  these  functions,  the  DSX  has  become  a  well 
documented  and  standardized  interface  The 
requirements  stipulate  that  all  signals  on  the  DSX  must 
meet  the  DsX  pulse  template,  as  shown  in  Figure  7. 
Therefore,  the  transmission  properties  of  both  the  6(XX' 
and  1*219  cables  are  designed  to  deliver  the  output  of  the 
DSl  equipment  to  the  l)SX  so  that  the  signal  meets  the 
DSX  pulse  t  inplate  Figure  8  depicts  how  I  he  DSX  pulse 
template  measurements  were  performed  In  all  test  cases 
(various  types  of  equipment  over  various  lengths  of  both 
cables),  the  pulse  delivered  to  the  DSX  met  the  template 
Figure  9  shows  typical  pulse  shapes  measured  at  the  DSX 
for  both  cables  Additional  information  regarding  the 
DSX.  its  uses,  and  lest  methods  can  be  found  in 
References  1  and  2 
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As  one  would  expert,  there  is  ;t  maximum  cabling  distance 
from  the  equipment  to  the  l>SX  over  which  the  pulse  will 
meet  the  template.  For  0(H)C  cables,  this  maximum 
distance  is  65V.  or  3  dB  of  loss  at  772  kHz  To  account  for 
the  maximum  possible  reflection  loss  of  0.-4  dB  at  the 
interface  between  equipment  cabled  with  different  cables, 
this  maximum  distance  for  12-ID  cable  is  -150*.  or  2  6  dB  of 
loss  at  772  kHz 

At  first  glance,  the  length  limitation  for  1219  cable 
appears  severe.  However,  a  study  of  the  1985  central 
office  cabling  shows  that  over  99*7  of  the  cable  runs  are 
under  15<y.  and  in  fact,  over  96r<  are  under  250*.  Figure 
10  shows  the  distribution  of  cable  lengths  For  those  few 
cases  where  cable  runs  do  exceed  •150*.  the  600C  cable 
should  be  used. 

Several  initial  applications  have  been  installed  using  1219 
cable  between  DS1  equipment  anti  the  DSX  All  systems 
have  performed  without  problems 


FIGURE  10.  EQUIPMENT  TO  DSX  CABLE 
LENGTH  DISTRIBUTION 


5.  Summary 

Laboratory  tests  and  field  experience  show  that  the  26 
gauge  12-49  cable  may  be  used  in  place  of  the  22  gauge 
600C  cable  from  DSI  equipment  to  the  I)SX  when  cable 
lengths  are  less  than  450*.  The  reduced  size  of  the  1219 
cable  helps  relieves  the  cabling  congestion  problems  in 
DSl  equipment  and  the  DSX 
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HlCdl  SPEED  MI  M  ATI  k’K  COAXIAL  K  1  BHON  CAULK  'KECTWGILAK  JACKET  hl’K 


Kazushi  Kotlova .  Aktnon  Mott.  Toshiro  Koraura  .  Toshiyuki  Atie  ami  Keuchi  Tanaka 


Sumitomo  Electric  Industries,  Lid 
Toehjgi  ,  Japan 


Summary 

The  advanced  technology  ol  highly  expanded  polyolehne. 
which  comes  trorn  Sumitomo’s  original  techniques  tor  highlv 
expanded  insulation  and  irradiation  is  applied  to  develop  high 
speed  transmission  cable  ol  immature  size.  We  developed  an 
advanced  data  transmission  tlat  cable  witn  high  speed  trans 
mission,  high  density  cabling  and  ease  ol  assembly  with  a 
special  prottle  rectangular  jacKet. 

Highly  expanded  irradiated  polyoieime  insulation,  which 
enables  nigh  speed  transmtssum  and  miniature  construction, 
and  mis  a  double  layer  construction,  the  inner  layer  being  toa 
mod  polyolefine  with  an  expant  ion  ratio  of  more  than  80'"', 
ami  the  outer  layer  being  a  solid  skin  layer.  'This  construe 
non  was  developed  tor  the  purpose  of  obtaining  a  higher  ex 
puns  ion  ratio,  increasing  trie  mectuntcal  strength  ami  mamtai 
nmg  gmui  heat  resistance. 

Rectanguiar  proh-e  jjckoI  construction  \ two  signal  condu¬ 
ctors  and  two  ground  conductors  laid  longitudinally  parallel: 
enables  development  of  tlat  cable  which  has  high  density 
cabling,  accuracy  of  conductor  pitch  and  stability  ol  conductors 
horizontal  positions. 

v\e  developed  these  electrical  properties 
dielectric  constant  ot  insulation  is  l._T>. 
propagation  delay  tune  is  i  i  -nsec  tt. 


1  introduction 

Modem  umipiifcrs  reunite  coaxial  cables  m  their  main 
frames  to  achieve  ultimate  speeds.  As  the  data,  processing 
capacitv  ot  these  computers  increases  with  reduced  signal 
levels,  liar  it  ware  engineers  want  coaxial  cables  which  have 
higher  spend,  higher  density  and  better  noise  immunity,  for 
use  in  their  computers.  To  meet  these  needs,  we  have  com 
pleted  a  high  speed,  high -- density  coaxial  flat  cable  using 
our  unique  expanded  polyolehne  extrusion  technique,  and 
irradiation  techniques  The  cable  has  an  unusually  low  di¬ 
electric  constant  with  high  integration  density,  which  can  not 
tie  achieved  by  conventional  high  speed  cables.  This  report 
mtrcxiuces  the  prcxluction  process  to  and  pertormance  para¬ 
meters  ol  the  completed  high  speed  miniature  coaxial  tlat 
c  able 


ratio  of  around  lin'v  11  the  expansion  tatio  is  increased  '•> 
more  than  k»iS.  a  dielectric  constant  i .  j '«  cart  he  achieved 
To  increase  the  mechanical  strength  and  to  maintain  g<»od 
heat  resistance,  we  employed  a  double  hr.  er  eorisir  action,  ’hi 
tuner  layer  being  expanded  polyoieime  and  outer  layer  being 
soini  ( Rel .  1-ig  ]  '.  with  boih  layers  being  irradiated. 


A  center  conductar 

H:  inner  layer  expanded  polyoieime 

C  outer  lavet  "olid  poi  volet  me 

l;ig  \  Construction  ot  doub.ciayei  insulation 
•J  shielding 

To  tacilitate  outer  >hield  conductor  trealment  at  the  ends 
ol  the  cable,  we  employed  an  aluminum  •  polyester  Ixmded 
tape  In  order  to  improve  the  teliamlily  ot  contact  between 
shielding  material  and  the  drain  wire,  the  aiummurn  suriuce 
ol  the  tape  was  coated  with  evapotaled  copper. 

During  tne  jac  ket  process .  to  ptevent  the  change  <>t  the 
dram  wire  horizontal  position  bv  t evolution  ot  in- u!ated  <ou 
duct  or  .  we  employed  this  construction.  Dram  wire  was  laid 
along  the  insulated  cond tutor  whnn  wa>  wrapped  bv  -tuc-ldme 
tape,  to  obtain  eleclric.il  contuc.1.  ’.tic  evaporated  enpfx-r  coat¬ 
ed  side  was  positioned  outside.  To  adhere  to  tne  i.k  Kcl. 
copper  suitjce  was  partially  coated  with  adhesive.  kVi.Eig. 
d  and  T  ig. 


„  Construction 


i  i  ns  u  Lit  ion 

While  lluonc  resin  has  a  low  dielectric  constant  and  good 
stalnlifv  as  an  insulation  material,  it  is  very  expensive 
Out  interest  was  there! ore  turner!  to  the  inexpensive  poly 
nielme  Convent  tonal  expanded  polyoieime  has  an  expansion 


A:  Ad  lies  i  u  • 

D  .  Evaixiruted  coppet 
C  :  Aluminum 
D  Polyester 

Tig  J  construction  ot  shielding  tape 
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■A 


exit  usion  ot  menial  toll 


A:  smelduy  tape 
1  > :  (Jr.ii!)  wire 

!'m  ;  position  of  dram  win* 

J  .k  ket 

i'o  Mcihtate  t!U'  iroaiMio.il  a!  the  ends  ot  the  flattened 
-aide  am  1  to  pi  event  change  ot  the  dram  wires  position,  wo 
v unmoved  vcc:  angler  vin^lnidioit.  and  alter  \ he  tucket  process 
:>>  mvw’i  reudaimn.  wo  empioved  a  c  ons.tr  uv a  »* »i i  whii  h  is 
■  o’.o  uml  v.  !\  'wo  oonii:u  •i.t''  and  two  diam  wue>. 

!'o;  ucke?  material.  wo  emplor  od  I*  V  o’  poi> \m>  lor uio 
i1  no  to  '  ts  i ipot  lor  l loxrulit  \  . 


:  ;  ooo  uni1  ol  :  e..  languU  .  onstnu  Hon 

:  Lamination 

•' 1 1> *w  '  ‘ho  v  iu  ! ion  ni  t!.jt  i.inlo  Doth  cud's 
•  '.i:;.:na‘?d  m.  spo.  ud  polveMei  mjh  with  a  •  oatod 
r  o  ]h:-  .!  Iiii'siu'  a'iho’os  at  low  temporal u;  o  an>l  pt  c 
'•  ’<  t  f'K  a  I  pt  ope? « s  mom-  dciT.-.js;j)o  fins  tape  tunh 

-  fh-  t ri  .'!:i:oni  u'  uo!.m  o!  rio  i  able 


1  la:  >  able  ton-  true1  n»n 


I '!  »)da<  I  Ion  pi  Of  i'ss 
-Mo  ptnfl  Hi  I  lo'i  proof 


in  adial  ion 

shield  tape  wrapping 
extrusion  ot  jacket  will)  duui 
jannn.it  ion 


big  r.  production  |iroa,s'' 


!  I’ropcrtres  ol  High  Speed  miniature  coaxial  ilat  caide 

fable  j  snows  the  construction  parameters  ol  the  high  - 
sjieed  inmi.iiure  coaxial  t Lit  cable  with  an  impedance  charac* 
let  isi ic  ot  7  f  ohm. 


1‘alde  )  construction  ot  ",-,o  nigh  speed  miniature  coaxial  I  Lit 

cable 


1  tern 

ltcl.nl 

material 

silver  coated  copper  allov 

>  em  et  c  ondiietoi 

-:/c 

A  W  t » 1  i  M  H  run  $ 

inner 

maH'!  ial 

expanded  poh  olefine 

laver 

si/c 

<1. 1  !if>  ri/-;  f 

insulation 

outer 

matei  ial 

solid  polyolefine 

layer 

si/e 

01)7  wi  l 

material 

silver  coated  copper  allov 

dram  wire 

si/e 

AlUi  i  1 1  71’  id  nn 

maiei  ial 

copjx'i  culled  .linn n  peJvcskY  tape 

MiK'tiUni;  l.ipv 

M/e 

1 ' 1 1 1  a  run  f 

material 

i’  \  V 

l.ukc-i 

size 

l).  IS  rrn  f 

matec  ial 

polvesler 

lammaied  tape 

sl/f 

1  O'  -r  ! 

1  lie  ! < i! low mg  *lesv  t  mes  tin 

charac  tens!  k >  ol  turn  c  aide 

\  \  Dm  ie  Us  i«i  ns 

fault'  shfWs 

hh*  sjie.  il  it  al  ion  and  measuicmeut  icsiilts 

il  ine  >  aide. 

l  ’  Ihxiiual 

pi  ojH'i  1  ies 

Ihe  me i  hod  nt 

testing  the 

eiect  i  u  al  pi  ojvi  i  u-s  and  their 

lespeftiu'  it'-.1  if- 

-nil --  aie  shown  m  table  and  me  t’enuei 

v  dependent r  of 

at  leniui  ion 

is  polled  in  big  ; 
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Table  2  specification  and  measurment  results 


Item 

number  ot  unit 


Spa'll  catiai 
2  1 


T  NIT:  inch  j 

Measurement  | 

results 

same  j 


number  of  center  conductor 

18 

same 

number  of  drain 

wire 

1  8 

same 

conductor  pitch 

<  A  : 

o.ur» 

•  O.i  HIT 

U"  t  JH — u.l) r.r.^ 

total  pitch 

<  B  ) 

2  25 

.*  1 1 1 !  2 

LVi  IJ-  :‘.:;r.y 

cable  width 

(.C  i 

2. 1 !  5 

•  Oh  2 

Z  —  J  1 1  7 

cable  thickness 

tn  > 

n.n  15 

•  o.nn  J 

1)1!  1  —  ,it>  1  r,  h  1 

cable  thickness 

U-  ) 

max 

.  0.1:5 

11." -I !  ■  ~  1  ■  i 1  ■  1  ir 

Table  2.  Klee  meal 

properties 

Item 

lest 

method 

Test 

results 

Conductor  rests 

Kquipment 

.  milliohmmeter 

\  5  \U  km; 

tance  ot  center 

at  ju  c 

y  7ut>.T’ 

conductor 

2<?  1(1.7  1 

Conductor  resis¬ 

Kquipment 

:  milliohm meter 

N  5  'A  be 

tance  of  drain 

at  20  C 

•  07*1.2 

wire 

2d  7.17 

Contact  resis¬ 

Kq  uipment 

:  nulliolimmeter 

.  viiuMn> 

tance  ot  shield 

method 

IDO 

ing  tape  and 

drain  wire 

:--’L 

*> 

2D  '7 1.0' 

insulation 

Kquipment  :  Moihod;j(U.  MIL 

\ 

\1  <j  tw 

resistance 

STD-  202 K 

4j8  Hi- 

Test  Voltage:  iiC-luuuV 

:ur 

1  2  •  11'  1 

statu 

Kquipment  LCR  meter 

X 

5  i '  i-  mj 

capacity 

’Test  frequency:  1  K 11/ 

5i>8 

i)  ;i» 

character  isi  ic 

Kquipment  :  liruc  domain 
reflect  met  or 

N 

20  :  ~ 

nn  pedance 

'  /o  i 

sample  length:  2m 

2 ft 

2  sx 

propagat  ion 

X 

msu  tif 

delay  »,Td ; 

!  f 

2i ! 

1  r1-  i, 

if? 

ds.-i 

III! 

J 

In  order  to  achieve  a  high  installation  density  in  computer-., 
ultra  bay  cables  may  olten  lie  folded  tnanv  times.  We  earned 
out  the  following  tlexibility  lest  with  actual  installation  situ 


Lit  ions  in  mind. 

and  measured  propagation 

delay  Ret  Table  l 

Table  ]  Change 

’  ol  propagation  delay  alter 

flexibility  test 

Item 

Test  mot  lux! 

TeM  results 
.  heliredunig  a  ter 

'  test  test  test 

sarnp/e  length  ;  /  meter 

i  8  2  • 

W  ind  around 
a  kylmdorica] 

]  h  men  rod 

2  4.8  2  2  k.-;  is. 

i  -:8|  -;y  l  -is] 

5  2  s  2  8  ■  2.8- 

1  UK  It  rod 

5  :■]  K2  2  8.-:  282 

sample  length  :  1  meter 

1  2S2,  2  8  2  28  2 

'Twist  ot 

cable 

5  l  ur  n  i 

.  .  -  >  '07  '•  ' 

2  2  8  1  28]  2.8.] 

As]  28  1  28  | 

;  2. s  ,  2  8.-:  2.s  • 

■>  28  1  2  8!  2  8 1 

sample  length  |  meter 

1  4  8  J  4  «  I  2  8  ; 

told  mg 

1  kg  weight 

48  <  as  282 

28.  2.8  1  28  1 

■  ^ 

1  28.  482  28 

1 1 urn 

5  28|  -82  282 

Table  ]  shows  that  tlu-te  was  almost  no  change  in  piopag.Imi 
delay  .liter  the  cable  was  siihiectod  to  various  flexibility  test. 
The  tests  results  proved  that  Hie  cable  would  easiU  endure 
the  physical  <ondi  turns  m  computer  mam  tiames 
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.  Koi.  Table  :•  !  Table  f»  shows  that  there  was  almost  no 
change  m  enaracleristic  impedance  alter  environmental  tea*. 

Table  fi  Change  ot  eharaelenstie  impedance  alterenvtrmiinaiial  t«.st . 

'lest  t  exult 

Item 


fhei  mal 

sht>ik  test 


Uumulit> 

test 


-Ye  mu 


Test  method 

lie  lore 

alter 

test 

test 

temperature . 

! 

4l  C  •  • 

;<*  o 

7  <> 9 

f»e\ele 

•  HO  C  - 

7  i*  • 

,  t.  o 

A 

7  a  7 

7  (i  1 

met  hod :  MI  1 . 

sir.  . 

7  i*  ■’ 

7  *’■ .! 

7  f>  H 

7  *»  s 

1 

7  1  J 

7  1  .* 

humid i tv.  at)— 

Id  C 

a,  Hr 

- 

7  1 

7  1  ,i 

;  ft  s 

7  fi  > 

method  Mil. 

s  rv  _ 

4 

7  •>  k 

7 s 

s 

•  '  - 

temperature . 

1 

1 !  C 

7  r.  1 

1in  Hr 

- 

7  a  ■ ' 

T':' 

■i 

7  1  H 

7  1  v 

Cll,  ]wc  measured  the  weij>m  reij uiretl  u> 

„  insLikii ion  J  sh0,‘  lK'lw,c"  ,lu'  tu,,,n« 

edge  ami  the  conductor  or  shielding 

1 1  ape 
! 


0  ut  through 
ol  picket 


ping  weight 


0  l  mm 


1  kw  > 


MIN.  1  U 


\  7 

MIN.  :u. 


we  measured  insulation  shrink  back. 


soldering 


solder 


Temperature  ot  solder:  J7u  c 
Klamability  Vertical  tlame  tt.M  l.L  lljrtl 


N  5 
OL*  U* 
■At  U  la 


N  • 
all  sampie 


Table  ;>  shows  that  the  present  cable  has  no  problem  wit: 
anv  ot  tile  pin  Meal  tests  described  above 


Cable  assembly 


l  Physical  properties 

The  method  ot  testing  the  ptnsi*a!  properties  and  tlietr 
respective  results  ate  shown  m  table  f. . 


Table  Physical  properties 

Item  test  method 

Tensile  equipment  :  ten* don 

s* length  peeling  speed  :  .Vjmm  mm 

when  eenter  comm  tor  is  broken,  we 
measured  tetwle  strength 


lest 

results 

\  f. 

*  f .  ii.: 

'(1  I  'J  L! 
it  inu>> 


Pending 

test 


I  h  inch 


109 1 
_’7f» 


Knc  lion 
l  do 


movement  rate  ol  uhintiitfrod  istjy  -iimesj 

times  min 


hung  weight 


,r»  nun  <t>  rod 


in  mm 


\  f» 

-  I  a  ala 

A(J  I  fil'd 


Tin.  I  Lit  t  able  usually  connects  la  a  connector  or  pruned 
circuit  bo.il  <1  i-'tu  H.  shims  an  example  of  cable  assembly. 


strip  the  jacket 
with  a  sharp  edge. 


I 


separate  center 
c  onductor  and  drain 
wire  and  cut  the 
dram  wire  at  the 
same  time. 


T  ig  k  One  example  ol  cable  assembly 


i 
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Shielding  tape  did  not  appear  at  the  cut  section,  betas*.*  ii 
adhered  to  the  jacket.  Ami  tiecause  the  center  conductor  and 
tlratn  wire  lay  parallel  equally  spaced  apart,  it  was  very  easy 
to  assemble  this  cable. 


ti  Conclusion 

A  high  quality,  high  speed,  miniature  coaxial  t Lit  cable 
has  been  achieved  using  our  unique  expanded  polyoletme 
extrusion  technique,  and  electron  radiation  and  lamination 
techniques.  Its  steady  supply  to  the  market  has  been 
assured.  Tne  cable  satisties  all  customer  requirernenis.  and 
provides  extremely  high  cost  ellectiveness  due  to  improve*! 
much  inability. 
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ABSTRACT 

Measurinq  the  character tstic  impedance  of  a 
twisted  pair  in  a  larger  frequency  range,  its 
mvagnituie  shows  remarkable  oscillating 

behaviour  in  the  frequency  region  where  the 
length  of  the  cable  is  a  wrtmole  number  multiple 
of  a  quarter  of  the  wavelength.  Obviously, 
there  will  be  a  larger  error  in  the  results, 
measured  at  a  single  frequency  in  this  region. 
This  experimentally  found  effect  has  been 
explained  by  the  occurence  of  an  additional 

error  current.  Based  cn  experimental  and 
theoretical  results  a  procedure  has  been 
developed  and  inpletmented  on  a  oumputer 

controlled  measurement  system  which  gives  error 
corrected  values  for  the  characteristic 

impedance  for  arbitrary  frequencies. 

i.  IOTROIXXTION 

For  carrier  frequency  application  of  twisted 
pair  cables  it  is  important  to  take  impedance 
matching  into  account.  To  be  able  to  do  this  it 
is  necessary  to  knew  the  relevant  characteris¬ 
tic  impedance.  Since  twisted  pair  cables  are 
normally  driven  in  the  balanced  mode,  the  odd- 
mode  (or  signal  mode)  characteristic  impedance 
has  to  be  measured.  This  will  usually  be  done 
by  measurinq  the  input- impedances  of  the  cable 
with  open  arri  short  circuit  end  and  calculating 
the  value  of  the  wanted  characteristic 
impedance .  Nfodem  impedance  measuring  devices 
with  an  autobalancing  bridge  allow  high 
precision  impedance  measurement  and  offer  the 
possibilitiy  of  computer  controlled  systems. 


Carrying  out  a  single  measurement  at  a  fixed 
frequency  no  problems  are  to  be  seen,  while  in 
a  larger  frequency  range  the  magnitude  of  the 
characteristic  impedance  shews  strong 
oscillatory  behaviour  periodic  with  frequency. 
This  indicates  that  a  large  error  will  be 
obtained  in  the  critical  frequency  range.  To 
overcame  this  problem  the  behaviour  will  be 
analysed  and  a  procedure  given  which  allows  to 
calculate  error  corrected  values  Zq  for 
arbitrary  frequencies. 


2.  MEASURING  PRINCIPLE  AND  RESULTS 

In  a  two  wrire  system  symmetrical  to  ground  two 
modes  can  propagate  independently,  the  odd  or 
signal  mode  and  the  even  mode1.  The 
characteristic  impedances  relate  the  voltages 
and  the  currents  of  each  mode.  They  are  in 
general  different  for  each  mode  of  propa¬ 
gation.  As  symmetrical  cables  are  generally 
driven  in  the  balanced  mode  wo  are  interested 
in  the  crid-node  characteristic  impedance. 

Providing  a  symmetrical  cable  the  input 
impedance  wiill  be  symmetrical,  too,  for  any 
symmetrical  load.  Thus,  connecting  the  two 
wires  to  the  test  port  of  an  impedance  meter, 
without  connecting  the  shield  of  the  cable  to 
ground  will  ensure  time  only  excitation  of  the 
odd  mole,  independent  of  the  voltages  of  the 
test  port  to  ground.  With  the  cable  terminated 
with  open  aril  short  circuits  two  input 
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will  be 


inpedances  Zshort  and  ^apen 
obtained,  and  the  characteristic  impedance  ZQ 
my  be  calculated  by 


f~ 


50  100  '50  200  |kH7|  250  l  300 


Fig.  1.  Characteristic  impedance  of  a 
twisted  pair,  1  =  520  m, 

a)  measure!  values 

b)  error  corrected  values  according 
to  chapter  4. 

Plotting  the  magnitude  of  the  characteristic 
impedance  over  a  large  frequency  range,  an 
oscillatory  behaviour  will  be  observed,  which 
occures  periodic  in  frequency,  Fig.  1.  Taking 
additionally  the  curves  of  Zg^^  and  Zq^h 
into  account,  which  are  given  in  Fig.  2  for  the 
frequency  range  of  the  first  oscillation  of 
Fig.  1  the  following  conclusions  can  be  drawn: 

l.  The  oscillations  occur  in  the  frequency 
range  vhere  the  length  of  the  cable  is  an 
integer  multiple  of  a  quarter  of  the 
wavelength,  i.e. 

1  /  \  =  n/4,  n=l,2,3 . 

Thus,  this  frequency  range  depends  on  cable 
parameters  as  well  as  cn  length  and  can  not  be 
predicted  in  advance. 


Fig.  2.  Input  inpedances  for  the  cable  of 
Fig.  1,  with  short  circuit  (Zg^ort)  and  open 
circuit  end  (Z^per,). 


2.  The  imximum  of  Zshort  and  the  minimum  of 
zopen  occur  at  considerable  different 
frequencies,  while  from  theory  they  are 
expected  to  be  at  almost  the  same  frequency 
(shifting  some  Hz). 

3.  ANALYSIS 

To  analyse  the  reason  for  this  measuring  result 
described  above,  we  have  to  look  more  closely 
to  the  measuring  principle  and  the  environment 
of  the  device  under  test  (DUT).  The  principle 
of  the  bridge  measurement.  Fig.  3  demands,  that 
the  test  signal  current  1]^  is  exactly  equal 
at  all  points  in  the  closed  loop  measuring 
circuit.  If  the  DPT  has  no  return  path  to 
ground,  this  condition  will  be  met.  In  case  of 
a  cable  as  measuring  object  its  shield  has  to 
be  isolated  from  the  measuring  circuit.  Doing 
this,  the  only  excitation  of  the  wanted  odd 
mode  will  be  ensured. 


CUT  Rr 


Fig.  3.  Bridge  measurement  principle. 
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Due  to  the  large  extension  of  a  reeled  up 
cable,  there  will  be  a  remarkable  coupling  to 
the  surrounding  environment.  It  has  been  found 
experimentally,  that  the  optained  measurement 
results  depend  on  the  grounding  condition 
corresponding  to  the  location,  which  may  for 
instance  be  a  stone  or  a  steel  floor  in  the 
factory.  Increasing  the  coupling  to  ground 
weakly  by  a  connection  of  the  cable  shield  and 
ground  with  a  resistor  of  some  kOhm  showed 
additionally  that  high  values  of  the  input 
inpedance  changed  while  low  values  remained 
unaffected. 

The  conductive  and  capacitive  connection  to 
ground  will  cause  a  small  excitation  of  the 
even  mode  in  the  cable,  ihich  results  in 
different  currents  in  the  conductors  of  the 
pair  and  an  additional  leakage  current  flowing 
from  the  cable  shield  to  the  measurement 
ground.  Thus,  the  above  mentioned  condition  for 
correct  measurement  is  violated. 

For  a  further  analysis  Let  us  consider  the 
following  basical  theoretical  model.  We  assume, 
that  the  distributed  effect  of  leakage  current 
will  finally  result  in  a  stroll  error  current  dl 
superposed  on  the  correct  current  in  the  near 
end  of  the  cable.  The  input  impedance  for  the 
open  ending  line  can  then  be  written  as 


and  transformed  into 


g i::’:. Fm  »  i 


where  i  indicates  the  resulting  nonrolized 
error  current,  (  is  the  propagat ion  constant 
and  1  the  length  of  the  cable.  In  a  similar  way 
we  obtain  the  expression 


a  ;)  <  i 


for  the  line  with  short  circuit  end. 

Fig.  4  shows  the  calculated  results  of  the 
input  impedances  for  realistic  cable  para¬ 
meters,  assuming  a  srroll  error  current  effect. 
It  is  to  be  seen  that  the  minimum  and  maximum 
of  the  input  impedances  are  shifted,  in  agree¬ 
ment  with  experiments,  (see  Fig.  2).  Further¬ 
more,  the  error  current  only  influences  high 
values  of  the  input  impedance,  while  it  lets 
low  values  unaffected,  as  described  for  the 
experimental  behaviour  above. 


Fig.  4.  Calculated  input  impedances  for 
short  circuit  and  open  circuit  cable,  with 
(curve  a)  and  without  (curve  b)  error  current 
(ijgK  =  0,012).  Cable  parameters 
R'  =  55  Ohm/km,  1/  =0,9  mH/km, 

C'  =  32  nF/km,  G'  =0,1  ,uS/km. 

1  =  520  m. 
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Calculating  the  characteristic  impedance  by 
eq.  (1)  from  these  input  impedances ,  finally 
gives  the  curve  in  Fig.  5  shoring  the 
oscillating  behaviour. 


Fig.  5  Calculated  characteristic  impedance, 
with  (a)  and  without  (b)  error  current.  (Sane 
parameters  as  Fig.  4). 

4.  ERKOR  CORRECTION  PKUCliUUR 

To  correct  the  measurerent  error,  it  is 
necessary  to  obtain  a  curve  corresponding  to 
curve  b  in  Fig.  5  frcm  the  measured  results. 

From  Fig.  5  it  is  to  be  seen,  that  the  measured 
curve  and  the  correct  one  coincide  in  certain 
points.  Measuring  at  these  frequencies,  the 
values  will  be  correct.  Comparing  with  the 
theoretical  results  for  the  input  impedances, 
it  turns  out  that  the  above  ment  ioned  points  of 
coincidence  occur  for  frequencies,  where 


holds. 


With  the  above  obtains!  results,  error 
correction  will  proceed  as  follows 

1 .  Measuring  the  input  impedances 
for  cable  open  and  short  circuited 
in  a  certain  frequency  range  with 
small  frequency  steps. 

2.  From  these  treasured  values  calcu¬ 
lating  the  frequencies  fc  vfriere  the 
condition  eq.  (5)  holds. 

3.  Calculating  the  characteristic 
impedances  by  eq.  (1)  for  the  fre¬ 
quencies  fc. 

4.  With  the  results  of  point  3. 
calculating  the  parameters  A  and  B 
of  the  function 


which  approximates  the  correct  behaviour  of  the 
magnitude  of  ^  by  the  method  of  least 
squares.  Having  attained  A  and  B  of  eq.  (6)  it 
is  possible  to  calculate  the  characteristic 
impedance  for  any  desired  frequency  within  the 
treasure 3  frequency  range. 


A  ccmputei  controlled  measurement  system  has 
been  used  to  implement  the  measurement 
procedure  describe!  above.  The  system  consists 
of  an  automatic  inpedance  meter,  a  computer  anti 
a  printer.  A  user  oriented  program  has  been 
written  that  carries  out  all  the  measurements 
and  calculations  autcnetically  and  gives  the 
characteristic  inpedance  for  the  desired 
frequency. 
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Fig.  I  shows  a  plot  of  measured  raw 
values  (curve  a)  and  error  corrected 
values  (curve  b),  while  the  user  my  choose,  to 
print  out  only  the  numerical  values  for  the 
desired  frequencies. 


CONCLUSION 

When  measuring  the  characteristic  impedance 
with  an  inpedance  meter  directly,  wrong  values 
will  be  obtained  in  periodic  frequency  ranges. 
These  errors  have  been  found  to  be  caused  by 
additional  currents  from  cabel  shield  to 
ground,  which  violate  the  bridge  measurement 
condition.  An  error  correction  procedure  based 
on  experimental  and  theoretical  results  lias 
been  implemented  on  a  oonputer  controlled 
maasurement  system. 
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Summary 

This  paper  describes  the  properties  and  features  of 
ultrafine  high  speed  coaxial  cable  developed  for  use 
in  digital  signal  transmission.  Recent. I y. seconding  to 
office  automation  through  the  introduction  of  LAN, 
complicated  and  large-scale  networks  have  been  emerging. 
As  a  resu! (.maintaining  space  for  wiring  and  the 
appearance  of  the  cables  can  be  serious  problems. 

To  solve  these  prob lems. ve  have  developed  ultrafine 
coaxial  cable  with  a  velocity  propagation  of 
approximately  H5*  -f  air  and  a  compact  SMR  connector, 
which  have  greatly  Improved  the  space  factor  and 
external  appearance.  Also, t . »  design  this  new  product , 
we  have  introduce!  waveform  analysis  by  computer 
simulation.  Ve  believe  this  simulation  will  bo  very 
useful  for  the  design  of  other  t.ransmiss ion  lines. 


lint roduct  ion 

Coaxial  cable  is  widely  used  in  digital  signal 
transmission  lines.  The  applications  °f  this  cable 
have  increased  in  recent  years  as  the  pace  of  office 
automation  has  accelerated  through  the  inroduction  of 
LAN.  With  these  developments, at tent  ion  has  been  focused 
on  such  problems  as  the  space  required  for  wiring  and 
the  effect  on  office  appearance.  To  solve  these 
problems.it  has  become  necessary  to  develop  cable  with 
greatly  reduced  size.  Firstly, to  develop  this  cable.it 
was  necessary  to  clearly  identify  the  requirements  of 
the  cable.  Because  coaxial  cable  was  originally 
designed  for  use  in  analog  transmission. this  task  was 
not  a  simple  one.  Thus, with  the  objective  of  analyzing 
the  responsiveness  of  the  cable  in  digital  signal 
transm issi on , we  developed  and  introduced  a  computer 
simulation  for  waveform  analysis.  To  reduce  the  size  of 
the  cable, we  first  considered  all  of  the  wiring 


components, and  then  reduced  the  size  which  maintaining 
the  balance  bo  tween  the  cable  and  tho  connectors.  For 
the  cable. we  used  the  highly  expanded  irradiated 
polyolefin  insulat ion, and  combined  this  with  new  SMB 
connectors.  As  a  resu It, we  were  able  to  develop 
miniature  coaxial  cables  for  high  speed  signal 
transmission  with  a  external  diameter  of  approximately 
50*  and  an  overall  space  factor  of  approximately  30* 
of  the  previous  product.  We  named  this  new  product. 
“Interface  Coaxial  Series"  and  have  started  marketing  it. 

2.  Conventional coaxial  cable  and  its  design  policy 
2 - 1  Types  and  proport i es  of  coaxial  cab l e 

Conventional  coaxial  cables  used  for  industrial 
wiring  are  usually  devided  into  three  types  according 
to  character  istie  impedance,  wh  ich  is  the  most  important 
electrical  properties.  Between  computers  and  surrounding 
equipment  such  as  display  terminals,RG-62A/U  coaxial 
cable  with  93 Q  characteristic  impedance  and  air  space 
dielectric  for  low  copacitance  is  most  widely  used. 

Recent  I y, 5012  and  75 Q  cables  have  been  required  for 
increased  signal  rates,  and  it  is  expected  that  the 
demand  for  these  cables  will  steadily  grow  in  the 
future.  We  initially  selected  representative 
conventional  cables  from  each  impedance  category  and 
started  developing  new  miniature  high  speed  coaxial 
cables  that  retained  the  other  impoitant  properties  of 
existing  products.  Construction  and  properties  of 
conventional  cables  are  shown  in  Tab  lei.  These  cable 
can  be  defined  is  intermediate  cables  from  a  viewpoint 
of  external  diameter.  For  these  cables.it  is  common  to 
use  BNC  type  connectors  with  a  diameter  of  approximately 
15mm  ;  Photo. 1  shows  its  appearance.  For  reference. the 
ratio  of  connector  diameter  to  cable  diameter  is  about 
2. 4-3.0  and  the  overall  appearance  of  the  cable  and  the 
connector  is  poor. 
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Tablel  Construction  and  properties  of  represent  at,  i  ve  conventional  cables 


Characteristic  lapedance 


Naae 


l 


I  -r 


I  tea 

Inner 

Conductor 

Insulation 

Outer 

Conductor 


Material 

Noa.O.D. 

Material 

Noa.O.D. 

Material 


93  Q  ,  50Q 

RG-62A/U  7  RG-58C/U 

1 

Copper  clad 
steel  wire 
0.643 

PE  string  ♦  PE 
3.71 

t  ■  ■  -  | 

Annealed  copper  Tinned  annealed 

hire  single  Braid  copper  wire 


V'Q 

RG-59B/U 


i  Tinned  annealed  , 
copper  wire 
0.900 

PE  1 

2.87 


,  - 1 


Sheath 


Noa.O.D. 

Materia! 


Noa.O.D. 


(Kg/Ka) 


Igy 


Weight 
Conductor  Resistance 

(Q/loop-Ka) 
Dielectric  Strength(ACV/lain) 
Characteristic  Iapedance  ( Q  )| 


i  single  Braid 

4.51 

i  3.51 

, 

4.47 

P.V.C.  (Black) 

6.15 

4.95 
|  37766 

4 

6.15 

52.65 

55.75 

Noa.  146 

(  Noa.  60 

Noa.  176 

Copper  clad 
steel  wire 
0.584  i 

i 

TE 

3.67 

Annealed  copper 
hire  single  Bra i dl 


-  -1 


5j  Velocity  of  Propagation  (X) 
Attenuation  Constant  (dB/Ka) 


- I 

(pf/alj 


_  (at  400MHz) 

Ji:  Capacitance 
.  Crosstalk  (at  20MHzl  (dB) 
l=i  Connector 

ll|  Connector  diaaeter 
1  c 

|t2j  /cable  diaaeter 

t  PE  :  Polyethylene 


3000 
95  t  5 
Min  82 
Noa.  190 

Hot.  44.3 

’  BNC 

2.44 


5000 
50  t  2 
Min  64 
Noa.  340 


7000 
75  t  3 
Min  64 
Noa.  250 


Noa.  93.5  |  Noa.  68.9 

BNC  |  BNC 

3.03  T  2 . 44 


1 


2-2  Design  considerations 

Our  aa in  objective  was  to  reduce  cable  diaaeter, but 
extreae  ainiaturization  was  not  practical  because  the 
reduced  aechanical  strength  of  the  cable  would  probably 
result  in  daaare  during  installation.  Moreover  total 
balance  of  cable  and  connector  size  is  an  iaportant 
factor  for  office  appearance. 

Froa  these  viewpoints. we  finally  decided  to  develop  new 
ainiature  coaxial  cable  with  an  external  diaaeter  of 
approxiaately  50X  of  conventional  products. 


Photo. 1 

External  appearance  of  conventional  cable 
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3.  Design  of  Miniature  high  speed  coaxiaLcabl.es 
Conventional  coaxial  cables  were  originally  developed 
for  high  frequency  analog  transmission.  Through 
understanding  of  the  frequency  character ist ic  of  the 
carrier  wave.it  is  relatively  easy  to  predict  their 
output  wavefora.  Because, in  analog  transmission, 
sever a  I  signals  are  generally  put  on  one  carrier  wave. 
However.it  is  very  complicated  to  predict  the  output 
waveform  of  digital  signal  due  to  its  mixed  signal  of 
various  sinusoidal  waves.  Very  little  work  has  been 
done  in  the  field  of  digital  transmission  analysis. 
Usually  practical  estimations  are  performed  to  confirm 
the  properties  of  transmission  lines.  The  estimation 
for  one  cable  can’t  be  applied  to  any  other  ease. so  the 
whole  procedure  has  b**en  extremely  inefficient.  This 
paper  describes  an  analytical  system  tor  digital 
signal  transmission  by  computer  simulation. 


Cn=Cnr*jCni  •  •  (2)  Cnr  •  real  part  of  Cn 

H 1  )  =R  (  (d  )  ♦  j  X  ( (v  )  Cni  •  imaginary  part 

of  Cn 

R  <  (v  )  ’  rea  1  part  of 
H  ( ce ) 

X(  (v  )  ■  imaginary  part 

of  H(w) 

Any  transmission  line  is  a  passive  circuit  because  the 
primary  constants  (R.L.C.G)  are  all  represented  by  real 
numbers.  For  this  reason, Cr  and  R(u>)  become  even  an 
function  and  fi  and  X(a»'  become  an  odd  function. 
Therefore,  equation!!)  can  be  transformed  as  follow. 

g(t)=CorR<OWi.'rnr  R(n«>  )cos(n<*»  t)-X(nu*  tsin(nu*  t) 
*•« 

-2iiCni  R'nce  tsinfnee  t)*X<nie  i  cost  no*  t>  <3) 
we  can  actually  calculate  g(t)  from  equation '3 > 


3'1  Transmission  line  and  model  waveform 
A  cable  circuit  can  be  defined  as  a  linear  and  t  in** 
constant  system.  The  transfer  mechanism  in  a 
transmission  line  is  simply  described  as  shown  in 
Fig. 1 .  Provided  that  the  digital  input  f(t)  is  a 
periodic  wave, its  output  gltt  can  be  described  by 

git*  =  i,  f*n t n  >i'  * e  1 1 1 

fill  =  1  Cn*e  "J*’ 


where  1 1 '  ^fundamental  angular  frequency 
t’n  -complex  fourier  coefficient. 

Cn  and  H'nce  )  as  expressed  in  the  above  equations  are 
both  complex  and  can  be  dovided  as  follows^ 


Cable  circuit 


Input 

t:n 


Transfer 

function 

H  I wl 


‘  |  Fourier 
transform 


Output 

g't 


inverse 
Four ier 
transform 


H  f  tt*  l  «  Gitf"  F*w) 

Fig.l  Transfer  mechanise  of  cable  circuit 


3-2  Si  mu  1  at  ij>n .  pr  or  ed  u  r  e 
The  digital  signal  f(t)  can  be  approximately 
described  by  a  trapezoidal  waveform  as  shown  in  Fig. 2. 


("»o=  y  =2-fn) 

rL>* I  L n 

4-  1  (r-  f  Plmtfi  i  /?  +  H  1  —  f  —  >*lwo  i  /?  +  H  +  F  ^ 

Fig. 2  Pulse  waveform 
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The  equivalent  circuit  of  a  transmission  line  is  shown 
in  Fig. 3  and  the  transfer  function  is  defined  as  follow. 
HI  <o )=V_ ( <u)/V ,  ( o>) •  ■  (4) 

Fro*  equation  14)  and  Fig. 3,  we  can  introduce  the  next 
equation. 

27.  (<w)  j  .  1  (5) 

u  /  \ ~  - 

Zo(<u)*Z(<u)  l*e( <u)e  21  "u't 
tii  •  ,  .  Z  (  (ii  )  “Zq  (  GJ  1 

where  e(<u)  =  r- —  ~r- — -  (reflection  cofficient) 

Zl  to  1  *Zo  ( o»  1 


- - - c - - - - - c - 

c  ~  .1  .  .  —  I  .  2p  =  2oC>* 

v  V, 

I  =n+fp 

- - -  I  — - - 

Vne-e 

Zo  -  absolute  value  of  Zo  (Characteristic  Impedance) 
f  -  angle  of  Zo 

r  =  propagation  constant  (per  unit  length) 
a  -  attenuation  constant 
1  phase  constant 
/.  =  lord  impedance 
f  =  source  impedance 
I  =  cable  length 
V’.  =  input  voltage 
Vu  =  output  voltage 

Fig. 3  Equivalent  circuit  of  transmission  line 

To  obtain  the  output  wave  g(t)  fro*  the  input  wave 
f It) . fol lowing  processes  are  necessary. 

(II  calculation  of  Cn  fro*  f(tl  by  Fourier  Transfer*. 

(2)  calculation  of  H((ol  fro*  transfer  properties 
(7.  .r.Jl  and  external  circuit  parameters. 

13)  *u  1 1  ip  I  icat  ion  of  Cn  and  H(u,l 
(4'  calculation  of  g(t.)  by  inverse  FFT 

(Fast  Fourier  Transfer*) 

These  processes  are  scheiat ica 1 1 y  described  in  Fig. 4. 

As  shown  in  Fig. 4. our  simulation  progra*  can  be  devided 
into  several  important  blocks  and  the  lain  feature  of 
this  simulation  is  that  the  precision  of  the 
calculation  logic  can  be  verified  in  each  block. 

Actual  and  simulated  wavefor*  are  shown  in  Fig. 5  and 
Fig. 6.  Values  of  actual  measurement  and  computer 
simulation  are  described  in  Table2.  Regarding  Vp-p(peak 
to  peak  of  the  voltage)  and  Trlrise  time)  of  the  output 


wave. errors  between  their  evaluations  are  about  5X. 

We  can  say  that  this  simulation  is  accurate  enough  for 
most  applications. 

Table2  Comparison  between  actual  measurement  and 
computer  simulation 

F  Sample  Interface  coaxial  cable 


He*  _  502111 

actual  ns  15.51 

Td  ,  simulation  ns  15.52 

difference  X  0.06 

f  ‘  "t  4 

actual  i  ns  550.0 

r  -  +  -  4  — 

Vp-p  simulation  ns  572.0 

difference  X  4.0 


3-3  Other  design  considerations 
In  addition  to  the  previous  considerat. ions.sh i  lding 
effectiveness  is  expected  to  become  more  important  in 
the  future.  Even  though  several  method  for  estimating 
shielding  effectiveness  have  already  been  announced, 
a  conclusive  one  has  not  been  found  yet.  In  this  case, 
we  selected  crosstalk  and  surfaso  transfer  impedance 
for  the  evaluation  of  shielding  effectiveness. 


4.  The  properties  of  new  products 
Construction  and  properties  of  representative  of  our 
"interface  coaxial  cable”  are  shown  in  Table3.  Photo. 2 
shows  external  appearance  of  these  new  products. 
Characteristic  impedance  (Zo)  .attenuation  eonstant(n) 
and  phase  constant!  A)  of  component  No. 502101  are 
shown  in  Fig. 7.  By  selecting  highly  expanded 
irradiated  polyolefin  insu lation.we  have  achieved  the 
desired  reduction  of  the  external  diameter. 

As  a  result, we  were  able  to  develop  new  coaxial 
cables  with  an  external  diameter  of  56-70X  and  a  space 
factor  of  32'49X  of  conventional  cables.  However  the 
outer  conductor  described  in  Table3  is  a  double 
shielded  construction  composed  of  aluminized  polyester 
tape  and  tinned  annealed  copper  wire  braid, we  can 
produce  a  cable  with  a  shield  composed  of  annealed 
copper  wire  braid.  Customers  ran  selected  the 
preferable  one  by  considering  use  conditions. 
Differences  between  the  single  and  double  shielded 
constructions  are  shown  in  Fig. 8  and  Fig.  9.  When  we 
decided  the  cable  construct  ions. we  paid  much  attention 
to  the  size  and  the  properties  of  a  connector. 
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(input  Bet-hod) 
(jtalculnt ion  logic])  “> 
or  _ 

(factual  aoasureBcnt')  -> 


block  of  Input  wave 


„TY_  —  Iw 

calculation  Cn  froa  f(t) 


(input  aelhod)  -> 

block  of  cable  properties 

(^calculation  logiiT) 

I  7.0.  0  .  a  .  fl 

or 

2  D.C.  resistance 

(factual  BcasureaBentVk 

3  cable  length 

block  of  transfer  function 

1  decision  of  frequency 
band 

2  calculation  of  ll(n«#) 


block  of  external  circuits 

1  lord  lapedance 

2  source  impedance 


block  of  KKT 

1  calculation  of  Cn-ntnva > 

2  calculation  of  inverse 

FFT 


block  of  output  wave 

1  plot 

2  Bcasjreacnt 


Fig. A  Block  chart  for  simu 
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Fig. 5  Actual  pulse  vavefora 


International  Wire  &  Cable  Symposium  Proceedings  1987  513 


Formed  by  Fourie  Transform 


- Input  Wave 

- Output  Wave 


24.325  tnS/div) 

Resister  =  50  (Ohm) 

Length  «100  (m) 

F i k . 6  Pulse  waveform  by  computer  simulation 


Photo. 2 

Interface  coaxial  cable  and  connect 


Table3  Construction  and  properties  of  interface  coaxial  cables 


Character! st ic 

Impedance 

932 

502 

752 

’  “  ~~ 

— . _ _ 

Component  Ho..  932601 

502101 

752201 

item 

"4  --.-.I 

i  .  .  ..  ; 

Inner 

Material 

;  Tinned  annealed 

Annealed 

Annealed 

1 

Conductor 

|  copper  wire 

copper  wire 

copper  wire 

Nom.O.D. 

0.404 

0.900 

0.600 

Insulation 

Material 

Highly  expanded 

l  Highly  expanded  j 

Highly  expanded 

ez  ' 

1 

irradiated 

polyolefin  j 

polyolefin 

1 

polyolefin 

3 

i  i 

Nom.O.D. 

2.25 

2.25  j 

2.60 

Outer 

Conduc tor 


Aluinized  polyester  tope  and  single  Braid  of  0.1 
-  0.12  ♦  tinned  annealed  copper  wire 


!  Nom.O.D. 

4-  - 

[ 

2.85 

[  2.80 

3.30 

Sheath 

Material 

P.V.C. (Black-Gray) 

Nom.O.D. 

3.45 

3.45 

18.45 

4.20 

Height 

(Kg/Km); 

12.78 

23.08 

Conductor 

Resistance 

T 

1 

Nom.  166 

Nom.  74 

Nom.  79 

. _ (2 /loop -Km)! 

Dielectric  Strength (ACV/lain)J 
Characteristic  lapedance  S2) 
Velocity  of  propagation  It) 
Attenuation  Constant  (dB/Ka) 
(at  400MHz) 

Capacitance  (pF/») 

j Crosstalk  (at  20MHz)  (dB) 
j  Connector 
Connector  diaaetcr 

/cable  diaaeter 

2  Veigtht 

?  Ratio  of  external  diameter 
Space  Factor 
Conventional  cable 


93  ±  5 

50  *  2  1 

75  t  3 

Min.  87  J 

Min.  80  ! 

Min.  80 

Nom.  260 

Nor. .  340  ! 

Nom.  250 

Nom.  44.3 

Nom.  93.5  ! 

Nom.  68.9 

SMB 

Max  -70 

SMB 

1.74 

1.74 

0.24 

0.49 

0.56 

0.70 

0.32 

0.49 

RG-62A/U 

RG-58C/II 

0.43 

0.68 

0.47 

RG-59B/U 
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We  finally  selected  a  compact  SMB  connector  because 
its  external  diameter  is  less  than  50*  of  conventional 
BNC  connectors.  Also.it  has  a  good  appearance  with  the 
interface  coaxial  cable  and  it  is  easily  handled  as  a 
"push-on”  type. 

This  interface  coaxial  cable  is  lost  appropriate  for 
use  as  a  digital  signal  transmission  line. which  th< 
length  is  less  than  100m  and  the  signaling  rate  is 
less  than  50Mbps.  In  addition  to  above  use, this  cable 
■ay  be  used  as  a  patch  cable  for  neasuring  equipment 
and  comunication  products  where  the  benefit  of  small 
size  and  light  weight  are  important. 

5.  Conclusion 

Previous  approaches  to  reduce  the  size  of  wiring 
systems  have  considered  only  the  cable  or  the 
connector.  By  designing  the  cable  and  the  connector  as 
a  total  system. we  have  developed  components  that  are 
totally  compatible  and  that  can  be  mated  with  existing 
equipment. 

Final ly. there  were  few  examples  of  evaluation  of 
digital  signal  transmission  because  of  inadequate 
measuring  equipment.  Our  simulation  system  has  reached 
the  level  of  practical  use.  Now. we  are  proceeding  to 
develop  this  simulation  for  application  for  more 
complex  circuits.  We  will  be  able  to  recommend  most 
suitable  design  for  cable  as  a  wiring  component  of 
large-scale  network  systems. 


-I50r 


-1401-  Sampled) 


-401- 

-30|- 

-2Q^  cable  length  :  10m 

•ioi 

— . _ -d 
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Frequency  (Hz) 


Sampled!  932S01  ( Doub le  shielded)  NEXT 
Sampiet 3)  93221 1  (Si ng le  shielded)  NEXT 
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Fig. 8  Crosstalk  characteristic  of  interface  coaxial 
cable 
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Fig. 7  Properties  of  interface  coaxial  cable 
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Surface  transfer  impedance  (mOHM/m) 


Frequency (Hz) 


♦  SAMPLE*  *  MIN  VALUE  * 

NAME  502101  &  502111  8.350mOHM/M 

LENGTH  0.47  M  20.000  MHz 

RESIS  68  OHM 

Fig. 9  Surface  transfer  impedance  of  interface 
coaxial  cable 
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FOR  ALUMINUM  FOIL  SHIELDED  TWISTED  PAIR  CABLE  (MIL-C-49285) 
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ABSTRACT 

Statistical  results  for  balanced  mode  near-end 
and  far-end  crosstalk  measurements  are  presented 
for  individually  aluminum  foil  shielded  twisted 
pair  cables.  Results  are  shown  to  demonstrate 
an  inherent  wide  variation  in  performance  from 
pair  to  pair.  These  results  are  compared  to 
measurements  on  common  axis  (parallel)  pairs. 
Data  is  presented  to  support  higher  frequency 
(above  I  MHz)  test  requirements  for  shielded 
pair  crosstalk  specifications.  Measurements 
for  shielding  effectiveness  of  these— cable 
designs  are  presented  using  the  SEED^  fixture 
test  method  proposed  for  MIL-C-49285.  The 
method  is  discussed  and  results  are  interpreted 
in  terms  of  the  shield  transfer  impedance. 

*  SEED  is  a  registered  trademark  of  Cooper 
Industries. 

INTRODUCTION 

Aluminum  foil  shielded  twisted  pair  cables  have 
enjoyed  wide  acceptance  in  both  L’.S.  military 
and  industrial  applications  for  over  20  years. 
This  high  degree  of  acceptance  has  been  possible 
because  there  has  essentially  been  a  single 
supplier  of  this  cable  type.  U.S.  patent 
protection  of  the  design  and  high  quality  cable 
manufacturing  practices  have  ensured  a  steady 
supply  of  cable  for  U.S.  military  usage  without 
the  need  for  costly  Mil  Spec  paperwork  and  QPL 
procedures.  In  a  post-patent  protection  era, 
however,  purchase  documents  and  Mil  Specs  are 
required  to  ensure  a  reliable  supply  of  cable 
product  from  the  cable  industry. 

This  paper  reports  on  the  work  undertaken  to 
develop  new  shielding  and  crosstalk  specifi¬ 
cations  for  aluminum  foil  shielded  twisted  pair 
cables.  The  specifications  are  currently 
embodied  in  a  U.S.  government  purchase  document 
CR-CS-0099-000  (CR-CS),  and  will  appear  in 
MIL-C-49285  in  the  near  future.  These  are 
important  parameters  for  the  evaluation  of  cable 
performance  and  quality,  but  they  can  be 
difficult  to  measure  and  specify.  During  the 
past  two  years,  crosstalk  and  shielding  measure¬ 
ments  have  been  conducted  on  these  types  of 
cable  designs  to  assist  in  the  development  of 
the  government  specifications.  The  emphasis  in 


these  evaluations  is  placed  on  the  test  methods 
and  requirements  that  were  specified  in  the  then 
newly  released  CR-CS  document  (1984).  Therefore 
the  data  presented  in  this  paper  is  focused  on 
results  from  these  test  methods. 

The  CR-CS  crosstalk  test  is  conducted  on 
adjacent  cable  pairs  in  a  balanced  configuration 
using  a  sample  length  of  150  feet.  The  require¬ 
ment  currently  gives  only  worst  case  limits  for 
near-end  and  far-end  crosstalk  at  40  KHz,  70 
KHz,  100  KHz,  and  1000  KHz.  These  crosstalk 
measurements  were  made  on  more  than  twenty  cable 
constructions.  The  results  show  a  large  pair  to 
pair  variation,  similar  to  those  found  for 
unshielded  telephone  cables,  making  the  assign¬ 
ment  of  minimum  values  difficult. 

The  shielding  requirement  in  CR-CS  calls  for  a 
SEED  test  with  minimum  limits  for  nine 
frequencies  between  0.1  MHz  to  30  MHz  plus  one 
limit  at  100  MHz.  During  the  study,  this  test 
was  conducted  on  samples  that  had  defects 
intentionally  introduced  in  the  shield  to  see  if 
performance  changes  were  observable.  These 
results  are  shown  along  with  results  of  a 
similar  evaluation  using  an  absorbing  clamp  test 
method.  More  than  thirty  cable  constructions 
were  evaluated  using  the  SEED  test  method. 

Above  20  MHz,  a  data  range  of  more  than  20  dB  is 
found  for  different  shielded  pair  designs  and  an 
explanation  is  provided  through  consideration  of 
the  shield  transfer  impedance. 

CROSSTALK 

Cable  Designs 

The  cable  typ-.’s  subjected  to  crosstalk  are 
described  in  Table  1.  Each  pair  has  a  foil  wrap 
consisting  of  a  lamination  of  0.00033  inch 
aluminum  and  0.0005  inch  polyester.  The  wrap  is 
applied  with  the  edges  folded  to  isolate  the  two 
laminated  layers.  Cable  types  A  through  E 
consist  of  standard  twisted  shielded  pairs  which 
are  wrapped  with  the  foil  facing  inward.  In 
these  constructions,  the  pairs  are  cabled  in 
layers  with  each  layer  having  the  same  lay 
length;  thus  the  position  of  a  pair  is  main¬ 
tained  along  the  cable.  Cable  types  A,  B,  and  C 
comprise  a  family  of  different  pair  count 
constructions  as  shown.  The  last  two  cables 
described  in  Table  1,  types  F  and  G,  are  common 
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TABLE  i  -  bescr 

:pt  lor. 

of  M u 1 1 1 p a i r 

Cables 

WIRE 

INSULATION  TYPE, 

DRAIN 

NO.  OF 

PAIR  LAY 

CF  -CS 

TYPE 

AWG 

THICKNESS  (inches') 

AV*G 

FAIRS 

( inches ) 

DESIGNATION 

A 

::u) 

PVC,  .013 

22(1) 

3,6,9, 

11,15 

I  .  75 

015,  0*.e  .  0C2 

00c ,  017 

B 

22  ( 7  > 

PP,  .010 

22(7) 

3.6.9,11, 

12,15,19,2 

1  .  75 

7 

c  12.  ooL/i: ,  oc9 
022 , 002 , (05 .015 

r * 

U 

24(7) 

Foam  PE,  .023 

24(16) 

3,6,9, 

15,19,27 

1.75 

025,038,037 

03c,03-,C33 

D 

16(16) 

PP,  .016 

20(26) 

9 

2.0 

006 

E 

20(10) 

PP,  .013 

22(16) 

15 

1.75 

C25 

F 

22(7) 

PP,  .008 

22(16) 

2 

1.5 

013 

G 

22(7) 

PP,  .008 

24(7) 

2 

1.25 

020 

axis  designs.  Here  the  pairs  are  twisted  around 
a  common  center,  but  are  not  twisted  around  each 
>ther.  In  type  F,  the  foil  is  facing  outward 
and  a  common  drain  wire  is  used.  The  type  C, 
design  has  the  foil  facing  inward  with  indi¬ 
vidual  drain  wires  for  each  pair.  (These 
designs  are  detailed  in  CR-CS  and  the  approp¬ 
riate  slash  sheet  code  is  shown  in  the  table.) 

Test  Method 

Both  near-end  and  far-end  crosstalk  tests  were 
performed;  the  near-end  test  set-up  is  dia¬ 
grammed  in  Figure  1. 


APPLIED 

VOLTAGE  DRIVEN  PAIR  _ _ 

f  3  Q 

INDUCED  ’*  L 

VOLTAGE  RECEPTOR  PAIR 

Figure  1  -  Test  configuration  for 
near-end  crosstalk  measurement . 


son 


50n 


According  to  the  CR-CS  method,  a  voltage  signal 
is  applied  to  one  cable  pair  and  the  induced 
voltage  on  an  adjacent  pair  is  monitored.  The 
crosstalk  value  is  then  expressed  as  the  ratio 
of  the  induced  to  the  applied  voltage,  in  dB. 

The  other  pair  shields  within  the  cable  are 
grounded  at  the  input  end  during  the  test.  A 
Hewlett-Packard  3577A  Network  Analyzer  was  used 
to  generate  the  input  signal  and  to  detect  the 
coupled  signal  on  the  adjacent  pair. 
Center-tapped  transformers  -  baluns  -  provided 
the  balanced  load  for  the  cable  pairs.  This  was 
chosen  to  be  100  ohms  for  the  type  C  cable 
constructions  and  50  ohms  for  all  the  others,  to 
best  match  the  characteristic  impedance  of  the 
shielded  pair.  The  crosstalk  data  was  stored  on 
computer  files  for  later  statistical 
evaluat ions . 

Measurements 


Many  different  adjacent  pair  crosstalk  values 
ea.  be  measured  on  multipair  cables.  A  fifteen 
pair  (11  0  4)  cable  design  has  23  such  combi¬ 
nations  of  driven  and  receptor  pairs.  Our 
testing  was  structured  to  evaluate  all  possible 
combinations  on  three  cable  samples  taken  from  a 
single  manufacturing  lot.  Following  this,  a 
second  manufacturing  lot  was  tested  in  the  same 
way . 


Table  2  presents  the  mean  crosstalk  values  and 
standard  deviations  for  the  19  pair  type  C 
cable.  Two  hundred  sixteen  pairs  were  measured 
at  40  KHz,  70  KHz,  100  KHz,  and  1000  KHz,  for 
both  near-end  (NEXT)  and  far-end  crosstalk 
(FEXT) .  The  measurements  are  seen  to  have  a 
standard  deviation  of  8  dB  to  10  dB  at  all 
frequencies.  Also  notice  that  the  NE  and  FE 
values  are  essentially  equivalent  for  the  first 
three  frequencies  tested.  This  is  expected  at 
frequency  measurements  where  L<  k/10.  At  1000 
KHz,  L~A/5  for  this  shielded  pair  design  and  a 
small  difference  in  the  two  crosstalk  values  is 
observed  here. 


Table  2  -  Crosstalk  data  for  19  pair  Type  C 
Cable  *  216  Fairs  Tested 
m  =  mean  value 
s  =  std.  dev. 


Freq.  (KHz) 

NEXT ( dP ) 

m  S 

FEXT 

m 

(dB) 

s 

40 

96.  1 

9.4 

96.2 

9.6 

70 

91.5 

9.4 

91 .4 

9 . 4 

100 

88.8 

9.3 

88.9 

9.4 

1000 

■D 

rt 

cc 

8.0 

86. 1 

10.2 
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Figure  2  shows  histograms  corresponding  to  the 
NEXT  data  given  in  Table  2,  so  that  the  data 
distributions  can  be  seen  clearly.  The  values 
are  broadly  dispersed  with  a  shape  that 
resembles  a  normal  probability  distribution. 

Table  3  shows  the  same  NEXT  data,  at  100  MHz, 
broken  down  into  pair  groups  within  the  12  0  6  (~ 
1  cable  design  and  the  two  production  lots.  The 
crosstalk  values  and  standard  deviations  an. 
reasonably  consistent  from  group  to  group  and 
lot  to  lot. 


Table  3  -  Statistical  Data  for  NEXT  }  ICO  MHz 
19  Pair  type  Z  Cable 


Lot  1 

Lot  2 

3oth  Lots 

Fair  3r cups 

m  s 

m  s 

m  s 

-a  ter 

Se.i  3.1 

33.^  9.7 

35.7  3.9 

Middle 

92. S  13.2 

38.0  7.3 

90.4  10.8 

Cuter 

M :  idle 

92.4  9.3 

69.3  o.o 

90.3  3.3 

Middle 

Inner 

59.0  5.) 

89.8  9.5 

39 .  ■*  9.1 

All  Groups 

59.5  10.  C 

S  7 . 9  3.5 

33.3  9.3 

lutle  4  -  Uxot.U  [j.tt.i  } .. i  t.'ll 


-120  -llo  -100  -9&  -80  -73 

NEXT  (dB) 


Figure  2  -  Da  La  distributions  for 
216  NEXT  measurements  on  19  pair 
type  C  cable. 
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Table  4  presents  the  mean  crosstalk  values  and 
standard  deviations  for  the  rest  of  the  cables 
in  the  study.  Among  the  standard  twisted  pair 
designs,  the  results  for  types  D  and  E  along 
with  the  composite  values  for  types  A  and  B  are 
very  similar.  These  are  all  50  ohm  cable 
designs.  The  composite  result  for  the  type  C 
cable,  which  is  a  100  ohm  design,  shows  a  5  to  8 
dB  improvement  in  crosstalk  values.  Individual 
results  for  cables  within  the  type  B  and  C 
families  show  an  approximate  7  dB  range  in 
crosstalk  values  over  the  frequencies  tested, 
while  the  type  A  family  had  a  narrower  A  dB 
range.  Whether  this  is  caused  by  statistical 
chance  or  relates  to  the  cable  design  is 
difficult  to  determine  because  of  the  large 
standard  deviations.  However,  no  consistency  is 
noticeable  between  pair  count  and  relative 
performance  among  all  three  family  groups. 
Standard  deviations  are  seen  to  generally  fall 
in  the  8  to  10  dB  range  noted  above.  (For  the 
composite  type  A,  B,  and  C  data  plus  the  data 
for  D  and  E,  the  maximum  standard  deviation 


Figure  3  -  Mean  values  of 
NEXT  (top)  and  FEXT  (bottom) 
for  unshielded  pair  cables  and 
shielded  pair  cables. 


measured  was  11.1  and  the  minimum  was  7. A). 

Data  histograms  and  pair  group  breakdowns  for 
these  standard  twisted  pair  designs  were 
reviewed,  and  behaved  quite  similar  to  those 
already  presented. 

The  common  axis  designs,  types  F  and  C,  have  a 
much  poorer  mean  crosstalk  performance  than  the 
standard  twisted  pair  cables.  Specifically,  the 
crosstalk  values  are  from  35  dB  to  50  dB  worse. 
The  increase  in  crosstalk  illustrates  the 
significance  of  using  twisted  pairs  to  reduce 
inductive  coupling.  For  these  designs,  the 
standard  deviations  are  measured  to  be  about  2 
to  3  times  smaller  than  those  discussed  above. 

Discussion 


Given  the  data  in  Table  4,  how  should  the 
crosstalk  performance  be  specified  for  these 
cable  designs?  It  seems  that  the  mean  values 
and  standard  deviations  can  be  defined,  within 
limits,  when  a  reasonable  sample  size  is 
measured.  However,  it  is  the  minimum  crosstalk 
value  that  is  required  in  the  CR-CS  document. 

To  estimate  this  minimum  value,  the  statistical 
distribution  curve  that  describes  the  data  must 
be  known.  This  requires  an  extensive  data  base. 
With  only  limited  measurements  available  for  the 
CR-CS  designs,  the  mean  and  standard  deviation 
crosstalk  re-ults  might  be  better  suited  for 
specificati-  values. 

In  addition  to  describing  performance,  a  specifi¬ 
cation  value  is  used  in  monitoring  the  quality 
of  a  manufactured  product.  Figure  3  shows 
average  NEXT  and  FEXT  values  for  two  unshielded 
and  two  shielded  pair  cables  over  a  .01  KHz  to 
20  MHz  frequency  range.  Above  100  KHz,  a 
substantial  difference  in  performance  is 
observed  between  the  two  types  of  designs.  If 
an  additional  higher  frequency  requirement  was 
added  to  the  specification,  it  would  Increase 
the  probability  that  manufacturing  defects  in 
the  shield  would  be  detected.  In  Figure  4,  note 
that  the  magnitude  of  the  standard  deviation 
does  not  change  at  higher  frequency,  so  the 
problem  of  specifying  a  value  remains. 


SHIELDING 

Cable  Designs 

The  cables  tested  for  shielding  effectiveness 
included  designs  previously  tested  for  crosstalk 
(Table  1)  plus  eleven  single  pair  foil  shielded 
cables.  Details  of  these  single  pair  cables  are 
given  in  Table  5.  The  foil  wraps  are  the  same 
type  as  those  used  on  the  multipair  designs,  but 
they  are  applied  with  the  foils  facing  outward. 
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Figure  4  -  Statistical  results 
tor  FEXT  data,  27  pair  type  B  cable. 


Test  Method 

The  method  cited  in  the  CR-CS  specification  is 
based  on  measurements  using  a  SEED  fixture. 

This  is  a  quadraxial  test  method  for  measuring 
shield  performance.  A  schematic  diagram  of  the 
test  is  shown  in  Figure  5. 

The  test  sample  is  obtained  by  removing  a 
shielded  pair  from  the  original  cable.  This 
pair  is  cut  to  a  38  inch  length.  The  two 
conductors  are  then  shorted  at  both  ends,  BNC 
connectors  are  applied,  and  a  30  ohm  load  is 
attached  at  the  far  end.  After  forming  this 
coaxial  configuration,  the  sample  is  inserted 
into  the  fixture.  The  test  is  conducted  by 
applying  a  signal  to  the  sample  and  measuring 
the  signal  that  is  coupled  to  the  fixture.  The 
voltage  ratio  of  the  fixture  signal  to  the  input 
signal,  in  dB,  represents  the  shield  perform¬ 
ance.  Further  details  are  available  in  [l]  and 
[2],  Again,  two  manuf ac tur ing  lots  were  tested 
in  the  cable  evaluations. 


Defects  such  as  gaps  in  the  tape  cause  a  degra¬ 
dation  in  the  shield  performance.  From  transfer 
impedance  analysis,  the  defects  increase  the 
magnitude  of  the  inductive  coupling  which 
affects  the  higher  frequency  performance.  Since 
the  requirements  are  set  primarily  in  the  . 1  MHz 
to  30  MHz  frequency  range,  tests  were  conducted 
on  the  SEED  fixture  to  examine  if  changes  in 
measurements  could  be  observed  after  introducing 
known  defects  into  the  shield.  For  comparison, 
similar  measurements  were  made  at  higher 
frequencies  using  an  absorbing  clamp  method. 
These  results  will  be  discussed  shortly. 

Before  presenting  the  results,  several  obser¬ 
vations  must  be  made  about  the  CR-CS  SEED 
method.  First,  the  test  involves  measuring 
multipair  cables  that  roust  be  disassembled  to 
retrieve  an  unprotected  foil  shielded  pair.  The 
pair  is  then  further  handled  in  terminating  and 
testing.  During  these  processes,  the  potential 
for  unpredictable  variations  is  high. 

Second,  the  terminations  are  part  of  the  system 
being  tested  along  with  the  shielded  pair. 

These  are  not  conventional  terminations  and 
careful  preparation  and  hand  assembly  is 
required.  During  the  evaluations,  termination 
problems  were  discovered  only  after  careful 
review  of  the  resulting  data.  Finally,  the 
result  of  the  SEED  measurement  must  be  distin¬ 
guished  from  the  actual  performance  of  the 
shield  construction  being  tested.  Figure  6 
shows  a  typical  measurement  obtained  with  the 
SEED  test.  The  measured  values  degrade  approxi¬ 
mately  40  dB  across  the  frequency  span  0.1  MHz 
to  10  MHz.  However,  the  transfer  impedance 
characteristic  across  the  same  span  is  known  to 
be  approximately  flat.  Thus  transfer  impedance 
indicates  little  change  in  performance  while  the 
CR-CS  SEED  test  shows  a  40  dB  reduction.  These 
results  make  sense  when  it  is  realized  that  the 
shield  under  test  is  the  resistive  element  of  an 
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SEED  OUTER  CONDUCTOR  (4) 


~L±v 


SEED  INNER  CONDUCTOR  (3) 

_ CABLE  SHIELD  (2) 

CONDUCTORS  (1) 


Figure  5  -  Schematic  diagrai 
of  CR-CS  SEED  test. 
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open  circuited  stub  which  is  excited  to 
resonance  as  the  frequency  increases.  The  true 
shielding  performance  is  obscured  by  this 
inherent  fixture  resonance,  thus  the  measured 
values  should  be  regarded  as  relative  numbers 
only . 

The  tests  for  sensitivity  to  defects  were 
conducted  on  the  010  cable  listed  in  Table  5. 

In  the  tests,  radial  slots  -  1/16  inch  x  360°  - 
were  made  in  the  foil  shield  and  samples  were 
tested  after  each  increment  of  damage. 
Distinctive  changes  are  seen  for  both  test 
methods,  as  shown  in  Table  6.  The  absorbing 
clamp  data,  measured  on  a  10  ft.  cable  length, 
changed  about  3  dB  after  one  slot  was 
introduced.  After  one  slot,  frequency  dependent 
changes  from  2  to  9  dB  occurred  in  the  SEED 
test.  Both  tests  had  larger  changes  as  the 
number  of  detects  increased.  This  behavior 
indicates  that  the  SEED  test  is  sensitive  to  the 
intentional  shield  degradation  over  the  tested 
frequency  range. 


Figure  6  -  SEED  measurement  of 
the  030  cable  in  Table  3. 


Table  b  -  Data  Measured  After  Introducing  Slot  Defects 
into  the  Foil  Shield  lvalues  in  dB ) 


CR-CS 

SEED  TEST 

i 

MDS  ABSORBING 

CI.AM1’ 

TEST 

No. 

of  Slots 

No.  of 

Slots 

flMHZI 

0 

i 

3 

5 

f ( MHz ) 

0  1 

3 

3 

.  3 

10b 

104 

103 

101 

100 

43  41 

3b 

33 

1 

100 

97 

9  b 

9  3 

200 

40  3b 

32 

29 

5 

85 

82 

80 

78 

300 

4  1  37 

32 

30 

10 

79 

7  b 

7- 

71 

400 

40  3  7 

• 

30 

28  ! 

13 

75 

72 

70 

b7 

j 

20 

’  o 

b9 

bb 

b3 

25 

b9 

b5 

62 

59 

30 

b  7 

b2 

58 

5  7 

100 

52 

43 

39 

34 
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Table  7  -  CK-CS  SFFO  TWt  Kesult 


No.  of 


Type 

Samples 

.1 

.5 

1 

(101 

12 

122.8 

H‘7.8 

101 . 7 

h»>.9 

007 

22 

119.2 

107.4 

100.8 

87.5 

t  010 

12 

IK.  2 

106.7 

100.  a 

8  5.'* 

’  Oil 

i: 

121.7 

105.7 

99.4 

84.7 

OK 

.’4 

119.7 

108.6 

102.4 

88.8 

OK 

24 

120.0 

IO7.0 

inn.  6 

86.0 

02b 

12 

KB. 8 

105.9 

99. 7 

80.5 

02.’ 

>-■ 

1 18.8 

106.0 

99.  5 

85.9 

030 

12 

121.2 

107.0 

101.0 

86.9 

031 

20 

117.8 

104.5 

97.9 

82.  1 

032 

12 

120.2 

104.9 

98 . ; 

AiiMA’ 

'  62 

170. h 

1 0‘i.5 

103.4 

*U.2 

(Std. 

dev  la t ions , 

dh) 

(1.4) 

(1.4) 

UK) 

Air'B’ 

'  95 

120.0 

1  10.0 

104.0 

92.0 

(Std. 

dev  la t Ions, 

dB) 

(1.0) 

(1.1) 

(1.6) 

Airr 

'  76 

119.4 

10  7.9 

102.0 

K8 . 5 

(Std. 

deviat ions , 

dB) 

(1.4) 

(1.3) 

(1.5) 

s.  Mean  Values  •  Mi  asur i-ronf  s  f <jR \ 


Frequency  (MU/) 


10 

15 

20 

2  5 

30 

1  00 

79.0 

68.0 

6  3.2 

59.2 

38.2 

82.9 

8o.5 

78.9 

7  7.0 

74.6 

54.2 

80.2 

76.9 

74.4 

'1  .8 

69.4 

52.6 

78.2 

73.  * 

69.2 

65.4 

61 . 7 

44. 1 

81.8 

7  5.9 

70.8 

65.8 

61 .8 

41.4 

79.  7 

75.2 

71.1 

67.0 

63.  1 

45.3 

69.  3 

6  1.'* 

56.7 

51.8 

48.0 

30.0 

80.2 

7  6 . 2 

72.7 

6H.8 

63.6 

4*  .  9 

80.  7 

76.0 

71.9 

6  7.4 

63.3 

42.5 

75.0 

6'-*.  9 

65.2 

60.9 

57.  i 

39.9 

25.  J 

68.  K 

*1  1.  7 

56.9 

54.7 

38 .  3 

85.7 

79.4 

74 . 4 

64.6 

65.3 

44.5 

(2.4) 

(2.1) 

(1.8) 

(1.6) 

(1.6) 

(1.1) 

87.8 

8  3.3 

78.1 

73.3 

69.1 

48.3 

( 2  .  2 ) 

<  2 .  M 

(2.1) 

(1.7) 

(1.6) 

(1.3) 

81.5 

75.8 

70.7 

66 . 1 

61.2 

43.9 

(IK) 

(2.1) 

(2.1) 

l  2.0) 

(2.0) 

(2.1) 

Measurements 

Table  7  gives  results  of  the  shield  performance 
measurements.  Note  that  the  mean  values  for  the 
foil  shielded  pair  cables  have  a  performance 
range  extending  over  20  dB  at  the  highest 
frequencies  measured.  Standard  deviations  were 
generally  between  1  to  2  dB.  Values  for  the 
standard  deviations  are  shown  in  Table  7  for 
tests  among  the  multipair  cable  families. 

3 

Work  done  by  Simons  is  helpful  in  understanding 
the  data  behavior.  He  presented  an  equivalent 
circuit  of  the  SEED  fixture  analyzed  in  terms  of 
the  transfer  impedance  (Zt)  and  capacitive 
coupling  impedance  (Zf)  of  the  shield  under 
test.  From  this  circuit,  Zt  can  be  calculated 
from  SEED  te.st  data  assuming  that  Zt  »  Zf  which 
should  be  reasonable  for  this  design.  This  is 
shown  in  Figure  7.  Converting  the  data  to  Zt 
aided  in  evaluating  the  quality  of  the  SEED 
results  as  they  we  re  being  accurou la  ted . 


Based  upon  known  behavior  of  the  transfer 
impedance  of  the  shield  designs,  an  explanation 
can  be  provided  lor  the  larger  range  in  the  high 
frequency  results  noted  above.  All  of  the  foils 
on  the  shielded  pair  samples  tested  arc  spirally 
applied.  Although  other  factors  contribute,  the 
tape  wrap  angle  of  a  spirally  applied  shield  is 
usually  the  dominant  tactor  controlling  the 
transfer  impedance  value  above  10  MHz.  A  larger 
wrap  angle  results  in  a  higher  (therefore 
poorer)  transfer  impedance  value.  In  Figure  8, 
SEED  results  at  30  MHz  and  100  MHz  are  plotted 
as  a  function  of  tape  wrap  angle  used  in  the 
cable  design.  The  data  show  a  good  correlation 
to  the  known  dependence  of  shielding  on  tape 
angle. 
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F  Igurc  /  -  Tr.iPiSi  or  impedance  curve 
(bottom)  calculated  from  measured 
S 11  HD  values  (top). 


Figure  8  -  Correlation  of  shield 
test  results  to  wrap  angle  or  tape. 


Discussion 

For  these  shield  designs,  the  data  show  that  the 
SEED  fixture  test  provides  performance  compari¬ 
sons  that  measure  a  relative  shield  effective¬ 
ness.  In  addition,  the  data  range  which  repre¬ 
sents  variances  for  both  the  test  method  and  the 
cable  itself,  is  reasonable  for  random  sample 
testing.  Therefore  meaningful  limit  values 
using  this  test  can  be  assigned  in  a  cable 
specification,  as  long  as  they  are  determined  in 
accordance  with  the  specific  design  of  the  cable 
shield . 

Regarding  the  observations  about  this  test 
method  discussed  above,  problems  in  terminating 
cables  for  the  test  can  be  controlled  and  the 
specification  itself  should  qualify  the  limit 
values  as  relative  numbers  only.  The  concern 
about  dissecting  multipair  cables  and  handling 
unjacketed  pairs  is  still  valid  however.  It 
seems  that  alternative  methods,  such  as 
absorbing  clamp  or  antenna  tests,  could  be 
developed  to  test  individually  shielded  multi- 
pair  cables  with  their  jackets  intact. 

CONCLUSION 

Test  methods  and  requirements  for  shielding  and 
crosstalk  measurements  are  difficult  criteria  to 
specify.  A  minimum  value  crosstalk  requirement 
for  these  designs,  as  it  currently  appears  in 
the  CR-CS  purchase  specification,  is  not  a  well 
defined  number  from  available  data.  The  shield 
test  method  using  the  SEED  fixture,  does  not 
give  a  true  indication  of  the  shield  effective¬ 
ness  performance.  However,  it  can  be  used  as  a 
relative  determina t ion  of  the  shield  integrity. 
It  is  hoped  that  this  paper  stimulates  more  work 
on  characterizing  foil  shielded  pair  cable  in 
these  areas. 
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OPERATING  HISTORY  OF  LIGHTWAVE  SYSTEMS 
IN  THE  REA  TELEPHONE  PROGRAM 
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Rural  Electri f ica t ion  Administration 
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To  date,  eighty  '30'  indivilual  lightwave 
t  •■arsm  i  ss  ion  systems  have  been  constructed  under 
t1'e  Rural  Electrification  Administration  'REA^ 
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presents  the  data  collected,  along  with  some 
conclusions  drawn  from  the  general  experience  with 
1 ightwave  technology. 


The  Program 

The  lightwave  study  program  was  intended  to 
identify,  if  possible,  patterns  of  system  failure 
or  deficiencies  in  individual  system  elements. 

It  was  not  designed  to  grade  or  evaluate  particular 
system  designs,  nor  does  it  address  the  cost 
effectiveness  of  individual  installations. 

One  objective,  for  example,  was  to  determine 
if  optical  fibers  evidenced  a  higher  probability  of 
failure  than  opto-electronic  terminal  units,  such 
as  transmitters  or  receivers.  Given  information  of 
this  nature,  it  may  be  possible  to  reexamine  system 
configurations  as  well  as  individual  equipment  and 
materials,  and  perhaps  improve  system  reliability 
or  performance,  or  reduce  system  costs. 

The  basic  unit  for  reporting  purposes  was 
denoted  a  "system",  which  was  defined  as  any 
complete  facility  that  provides  electrical 
transmission  capability  between  two  discrete 
terminals.  A  system  includes  digital  multiplexers, 
opto-electronic  terminal  equipments  such  as 
transmitters  and  receivers,  and  the  interconnecting 
optical  fibers. 

Under  this  definition,  a  system  may  include 
intermediate  regenerative  repeaters,  and  an 
individual  REA  operating  company  may  report  on  more 
than  one  tightave  system. 


General  Discussion 

The  survey  mechanism  utilized  REA  field 
personnel ,  and  recognized  the  additional  work  load 
that  would  be  imposed  on  both  these  people,  and  the 
already  overburdened  operating  company  staffs.  To 
minimize  the  intrusion,  the  questionna i re  was 
designed  to  maximize  check-off  type  responses. 
Simplification  in  this  manner  did  encourage 
participation  in  the  program,  but  it  also  reduced 
the  sophistication  of  the  responses. 

The  deficiencies  of  the  ques t ionna i re  are 
evidenced  in  the  number  of  written-in  comments 
received,  and  in  the  fact  that  some  of  the 
resDonses  were  difficult  to  reconcile.  Of  course, 
if  the  questions  had  been  less  specific,  the  result 
may  have  been  even  more  ambiguous  responses.  It  is 
important  that  the  limitations  of  the  program  be 
recogn i zed . 

First,  this  is  not  a  very  broad  data  base. 

Second,  many  of  these  systems  have  been  in 
place  for  three  years  and  more.  Some  of  these 
earlier  installations  employed  embryonic  materials 
and  equipment.  It  is  reasonable  to  assume  that 
later  generations  of  equipment  would  exhibit  a 
higher  level  of  reliability.  A  case  in  point  could 
certainly  be  made  for  laser  light  sources. 

Third,  there  is  the  subtle  factor  of 
experience.  Many  of  the  construction  and  testing 
techniques  have  been  improved  since  some  of  these 
systems  were  built.  For  most  of  the  operating 
companies  involved,  these  installations  could  be 
classified  as  pilot  programs,  and  subsequent 
efforts  would  undoubtedly  be  accomplished  more 
efficiently  and  effectively.  A  case  in  point  here 
might  be  in  fiber  splicing  operations. 

The  data  is  presented  as  actually  reported 
without  adjustment.  Although  it  does  have  some 
value  in  identifying  those  elements  of  a  lightwave 
system  which  are  most  susceptible  to  failure,  it 
may  have  questionable  merit  as  a  basis  for 
statistical  analysis  or  prediction. 
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Report  Structure 

Any  lightwave  system  can  logically  be  divided 
into  three  basic  elements  which  are  the  digital 
multiplex  terminal  equipment,  the  opto-electronic 
terminal  equipment,  and  the  inter-connecting 
optical  fibers  themselves.  This  distinction  was 
maintained  throughout  the  study  and  in  this  report. 

The  report  is  presented  in  four  parts. 

1.  Equipment  and  Cable  Failure  Analysis 
?.  System  failure  Analysis 
3.  Service  Protection  Analysis 
a  .  Reported  Data 

Anomalous  Reporte d  Data 

Several  systems  with  higher  transmission  data 
rates  were  identified  as  not  equipped  with 
protection  switching.  Some  of  these  were  135  Mb/s 
installations,  ana  inquiry  revealed  that  these 
systems  utilized  alternate  cable  routes  as  a 
protective  mecKarism. 

One  system  reported  six  '6'  single  fiber 
failures  correlated  with  six  '6'  apparently  related 
service  interruptions.  Inquiry  identified  the  root 
cause  to  he  one  !!'  optical  f’her  connector  which, 
after  being  initially  identified  as  faulty,  was 
reinstalled  five  ,r'  more  times. 

Twelve  fl?'  protection  sw'tch  operations 
reported  Ky  one  system  did  not  correlate  with  other- 
reported  failures  in  th’s  system.  Inquiry  revealed 
that  a  single  circuit  board  in  the  protection 
switching  sensing  and  control  unit  had  been 
identified  as  faulty.  Due  to  a  lack  of  maintenance 
spares,  this  faulty  unit  was  simply  reinstalled  a 
number  of  times,  resulting  in  a  multiplicity  of 
anomalous  switch  operations. 

An  apparent  discrepancy  was  noted  in  one 
report  which  showed  more  service  interruptions  than 
protection  switch  operations.  This  may  he 
possible,  but  appears  somewhat  improbable. 

There  were  a  number  of  reports  that  were 
difficult  to  accept  or  reconcile,  and  several 
logical  subjects  for  further  investigation  were 
identified.  Un fortunately ,  the  limited  manpower 
and  resources  at  our  disposal,  do  not  permit  a 
thorough  follow  up  on  all  of  these.  We  did 
initiate  further  inquiries  on  the  more  obvious 
cases,  and  this  effort  is  continuing. 

Although  the  limitations  of  our  resources  for 
this  effort  are  readily  apparent,  perhaps  this 
report  may  present  a  point  of  departure  for  further 
studies  by  others.  We  would  be  happy  to  cooperate 
with  anyone  undertaking  such  an  activity. 


Evaluating  _thp  Report_ed_jja ta 

Thp  study  program  was  intended  to  examine  the 
reliability  of  lightwave  transm'ssion  facilit'es. 
The  questionnaire  does  report  on  the  operating 
experience  with  a  wide  variety  of  equipment,  Kut  it 
also  reflects,  perhaps  unavo i da1-’ v ,  tKi 
inexperience  of  the  system  operators  as  well. 

A  good  example  was  the  case  of  six  'f'  reports 
of  optical  fiber  connector  failure  that  werp 
eventually  traced  to  a  single  connector ,  which  h,  : 
been  reinstalled  five  (5)  times,  even  after  being 
initially  identified  to  be  faulty.  Accepting  the 
original  data  without  question  might  lead  to  the 
conclusion  that  all  optical  connectors  are  much 
less  reliable  than  they  actually  have  been 
demonstrated  to  be  by  the  total  operating 
experience,  and  the  probability  of  drawing  an 
erroneous  conclusion  is  increased  when  the  data 
base  is  limited.  In  this  particular  instance,  one 
could  certainly  argue  that  only  one  connector 
failure  is  statistically  significant. 

Ideally,  the  data  should  be  reviewed  for 
unusual  or  irrational  itPms,  and  each  such  case 
should  be  individually  investigated.  An  informed 
judgement  could  then  he  marie  qualifying  the  actual 
data  that  is  applied  in  analysis  or  statistical 
development,  but  introducing  any  element  of 
judgement  could  be  taken  as  invalidating  the  data 
i  tsel f . 

In  th;s  program,  the  process  O'  evaluating  the 
reported  data  presented  only  a  limited  number  of 
options,  none  of  which  was  entirely  sat’Sf ictnry. 

.  All  data  can  accepted  as  reported  without 
qua  I i f i ca t ion . 

?.  Data  could  be  qualified  by  adjusting 
irrational  reports  on  the  basis  of  expla:naKlo 
anomal ies  . 

■*.  Widely  variant  reports  could  be  discarded 
entirely,  at  the  same  time  discarding  an  equal 
number  of  trouble  free  reports. 

[n  the  balance  of  this  report,  all  data  is  as 
reported,  and  presentations  are  developed  using 
unadjusted  data.  In  some  instances,  however,  some 
analysis  is  presented  even  though  it  may,  in  our 
judgement,  have  questionable  value.  All  such  cases 
are  identified,  and  they  have  been  included 
primarily  to  suggest  a  methodology  for  a  more 
meaningful  analysis  of  more  authoritative  data, 
should  such  become  available  at  a  later  date,  from 
another  program. 

With  this  in  mind,  we  offer  separate 
discussion  of  each  of  the  three  major  elements  of 
the  report:  Equipment  and  Cable  Failure  Analysis, 
System  Failure  Analysis,  and  Service  Protection 
Ana  lysis. 
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Total  Number  of  Systems  Reporting 


79 


Total  Number  of  Working  Optical  Cables .  79 

Number  of  Total  Cable  Failures .  18 

Percent  of  Working  Cables  Experiencing  Total  Failure .  22.8? 

Total  Number  of  Optical  Cable  Milos .  1,182 

Number  of  Total  Cable  Failures .  18 

Average  Cable  Miles  per  Total  Cable  Failure .  65.7 

Total  Number  of  Working  Optical  Fibers .  284 

Number  of  Single  Fiber  Failures  (incl.  splices) .  14 

Percent  of  Working  Fibers  Experiencing  Failure .  4.9? 

Total  Number  of  Optical  Terminal  Units  (TX  and  RX) .  568 

Number  of  Optical  Terminal  Unit  Failures .  45 

Percent  of  Optical  Units  Experiencing  Failure .  7.9? 

Total  Number  of  Digital  MUX  Units .  284 

Number  of  Digital  MUX  Unit  Failures .  14 

Percent  of  Digital  MUX  Experiencing  Failure .  4.9? 


Equipment  Failures  Correlated  to  Data  Rate 


Optical  Units  Number  Working 


Number  Failed 


Percent  Failed 


under  45  Mb/s 

28 

13 

45  Mb/S 

360 

23 

90  Mb/s 

36 

8 

135  Mb/s 

144 

1 

467- 

6.4? 

22% 

.7? 


Digital  Units 
under  45  Mb/s 
45  Mb/s 
90  Mb/s 
135  Mb/s 


Number  Working 

Number  Failed 

Percent  Failed 

8 

6 

75? 

176 

5 

2.8? 

36 

2 

5.6? 

64 

1 

1 .6? 

Although  we  have  presented  the  reported  data 
correlated  to  transmission  data  rate,  we  strongly 
discount  the  value  of  this  correlation.  It  would 
appear  from  the  correlation,  that  both  optical 
termina1  units  and  digital  multiplex  equipments 
which  are  operating  at  lower  data  rates,  are 
substantially  less  reliable  than  the  same  types  of 
equipment  operating  at  higher  data  rates. 

Note  the  fact,  however,  that  there  were  only 
four  low  data  rate  systems  reported  on.  A  data 
hate  tKis  small  is  easily  distorted,  and  two  of 
these  low  data  rate  systems  were  clearly  identified 
as  presenting  misleading  information.  In  addition, 
one  system  that  reported  r'  optical  unit  failures, 
had  been  in  service  for  5  years.  This  may  well 
have  been  an  example  of  infant  mortality  in  optical 
equipment,  sine"  some  of  these  units  must  have  been 
early  product  developments. 

Althougb  we  do  not  endorse  any  treatment  or 
qualification  of  the  reported  data,  it  might  t" 
useful  to  demonstrate  the  impact  of  any  such 
alterations.  If  we  adjusted  the  reported  data  from 
the  one  syst°m  which  had  6  single  fiber  failures 
reported  due  to  only  one  faulty  fiber  connector,  to 
show  only  ore  single  fiber  failure,  then  the 
an-|i  ys  ■  s  would  be  corrected  as  follows: 


Original 

Adjusted 

Total  “  of 

Working  Opt.  Fibers  284 

284 

f  of  Single 

Fiber  Failures  14 

9 

?  of  F;bers 

Experiencing  Failure  4.9? 

3 . 2  a 

This  change,  which  is  arguably  permissable, 
makes  a  significant  difference  in  the  review  of  the 
Study  results. 

Whether  or  not  the  data  is  adjusted  in  some 
manner,  the  analysis  of  Equipment  and  Cable 
Failures  clearly  shows  a  significantly  higher 
failure  probability  for  optical  terminal  units  than 
for  either  digital  multiplexers,  or  the  optical 
fibers  themselves. 

Note  the  reported  number  of  total  cable 
failures.  This  data  references  disruptions  that 
■"esulted  in  complete  loss  of  continuity  of  all 
optical  fibers.  This  would  be  a  cable 

inadvertantly  cut  by  excavations,  aerial  cables 
destroyed  by  fire,  etc.  In  such  catastrophic 
failures,  protection  switched  system  configurations 
offer  no  improvement  in  service  relaibility  at  all 
if  the  redurJ;>nt  fibers  are  located  under  the  same 
cable  sheat  as  the  working  fibers  they  are 
intended  to  p ■  ..  tec t . 
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Total  Number  of  Systems  Reporting .  79  systems 

Total  Miles  of  Working  Optical  Cable .  1,182  miles 

Average  Cable  Miles  per  Reporting  System .  14. 9S  miles 

Total  In-Service  Operating  Time  Reported .  1,30?  months 

Average  In-Service  Time  per  Reporting  System .  16.5  months 


Transmission  Data  Rate  Distribution 


Data  Rate 
under  45  Mb/s 
45  Mb/s 
90  Mb/s 
135  Mb/s 


Number  of  Systems 


4 

50 

9 

16 


Percent  of  Total  Systems 
5. 01T 
63.29% 

11.39% 

20.25% 


Total  Number  of  Systems  Protection  Switched  Equipped .  63 

Percent  of  Total  Systems  Protection  Equipped .  79.74% 

Total  Number  of  Protection  Switch  Operations  Experienced .  76 

Number  of  Systems  Experiencing  Protection  Switching .  27 

Percent  of  Protected  Systems  Experiencing  Switching .  42.86% 

Total  Number  of  Traffic  Interruptions  Experienced .  48 

Number  of  Systems  Experiencing  Interruption .  21 

Percent  of  Systems  Experiencing  Interruption . . .  26.58% 

Total  Number  of  Optical  Unit  Failures  (TX  or  RX) .  45 

Number  of  Systems  Experiencing  Optical  Failure .  21 

Percent  of  Total  Systems  Experiencing  Optical  Failure...  26.58% 

Total  Number  of  Digital  MUX  Unit  Failures .  15 

Number  of  Systems  Experiencing  MUX  Failure .  9 

Percent  of  Total  Systems  Experiencing  MUX  Failure .  11.39% 

Total  Number  of  Single  Optical  Fiber  Failures .  14 

Number  of  Systems  Experiencing  Single  Fiber  Failure .  9 

Percent  of  Total  Systems  Experiencing  Fiber  Failure .  11.39% 

Total  Number  of  Total  Cable  Failures  Experienced .  13 

Number  of  Systems  Experiencing  Total  Cable  Failure .  14 

•ercent  of  Total  Systems  Experiencing  Cable  Failure .  17.72% 


Although  the  distribution  of  reporting  systems 
is  presented  correlated  to  transmission  data  rate, 
we  did  not  attemp  to  relate  individual  system 
failures  to  data  rate,  for  the  reasons  discussed 
earlier  in  our  comments  on  the  Equipment  and  Cable 
Failure  Analysis  portion  of  the  report. 

It  is  reasonable  to  expect  that  protection 
switch  operations  would  be  initiated  primarily  by 
only  five  conditions,  and  these  are: 


Initiating  Event  # 

of  Operations 

%  of  Operations 

1 .  Opt .  Unit  Fa i 1  . 

34 

45* 

2.  Digital  Unit  Fail 

15 

20% 

3.  Single  Fiber  Fail 

7 

°% 

4.  Total  Cable  Fail. 

14 

18% 

5.  Prot.  Switch  Fail 

6 

8% 

There  were  a  total  of  76  switch  operations 
reported,  and  70  may  he  accounted  for  in  the  first 
four  items  above.  The  remaining  6  are  explained  by 
the  report  discussed  earlier,  where  a  circuit  card, 
known  to  be  faulty,  was  reinstalled  several  times. 

The  distribution  of  Service  Interruptions 
showed  one  system  reporting  9  interruptions,  and 
two  other  systems  reporting  6  each.  Thus  21  of  the 
total  48  events  (44  percent)  were  incurred  in  only 
three  (4  percent)  of  the  total  systems  reporting. 

The  ratio  of  optical  unit  failures  to  the 
failures  experienced  in  both  single  fibers,  and  in 
digital  multiplex  units,  reinforces  the  earlier 
evidence  that  optical  units  present  a  significantly 
lower  level  of  reliability  then  the  other  two 
system  elements. 

Note  that  '8  percent  of  the  systems 
experienced  a  total  cable  fai’ure,  and  these  appear 
to  hr  randomly  distributed  also,  w' th  only  one 
system  reporting  3  events. 
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Service  Protection  Analysis 


Service  Protected  Not  Protected 


Total  Number  of  Systems  Reporting . 

Total  Number  of  Service  Interruptions . 

Number  of  Total  Cable  Failures . 

Number  of  Systems  in  Service . 

Number  Experiencing  Interruption . 

Percent  Experiencing  Interruption . 

Number  of  Systems  in  Service . 

Number  Experiencing  Total  Cable  Failure . 

Percent  Experiencing  Total  Cable  Failure.... 


63 

26 

14 

63 

16 

25? 

63 

12 

19? 


16 

22 

4 

16 

7 

43? 

16 

2 

13? 


Although  one  objective  of  the  program  was  to 
compare  protection  switched  system  reliability 
directly  with  unprotected  facilities,  the  results 
are  by  no  means  conclusive.  One  might  have 
expected,  for  example,  that  in  protection  switched 
Systems,  very  few  service  interruptions  would  occur 
unless  total  cable  failures  were  experienced.  The 
protection  configuration  provides  redundant  fibers 
and  terminal  equipments  specifically  to  avoid 
outages  due  to  single  element  failures,  and  the 
probability  of  concurrent  element  failures  seems 
remote . 


The  operational  history  of  these  installations 
would  still  be  included  in  the  earlier  Equipment 
and  Systems  Failure  Analysis  sheets,  and  no 
correction  is  necessary  in  those  presentations,  but 
ceitainly  the  discrepancy  we  note  would  have  a 
significant  impact  on  any  conclusions  that  might  be 
drawn  from  this  analysis. 

Note  that  the  very  small  number  of  systems 
that  were  constructed  without  service  protection 
switching  presents  too  small  a  base  for  any 
meaningful  analysis. 


Examination  of  the  data,  however,  shows  17 
service  interruptions  in  protected  facilities  in 
the  complete  absence  of  any  total  cable  failure  at 
all.  This  IS  surprising,  and  suggests  a  possible 
flaw  cither  in  the  questions  ashed,  or  m  the 
responses  made. 

Another  deficiency  of  the  study  is  evident  in 
the  Service  Protection  Analysis  sheet.  The  data 
indicates  that  in  a  total  Of  lb  unprotected 
systems,  7  systems  experienced  a  service 
i n terrupt ' on ,  which  is  41  percent  of  'he  total 
( jrprotpctnr1.  installations.  Note,  however,  that  a 
total  of  10  of  these  events  'Service  Interruptions' 
wei e  incurred  in  only  5  of  the  systems. 

Investigation  revealed  that  these  5  systems 
all  utilized  alternative  cable  routed  transmission 
lints  as  a  service  protecting  facility.  What  is 
unclear  from  the  data  is  just  how  these  paralleling 
facilities  were  configured  at  the  terminal  ends. 
It  is  quite  possible  that  service  interruptions 
have  been  reported  for  these  individual 
transmission  links,  when  no  actual  disruption  of 
traffic  continuity  through  the  protecting 
I paral 1  el i ng)  alternate  cable  was  introduced  at 
all.  If  this  were  so,  the  analysis  should  have 
produced  the  following: 


Original 

l  of  Sys.  in  Service  16 

#  Experiencing  Ser.  Inter.  7 

%  Experiencing  Ser.  Inter.  43% 


Cgrrec  ted^ 
II 
2 

18% 


Although  considerable  expense  was  incurred  for 
redundant  facilities  and  equipment  in  the  f7 
protected  installations,  total  cable  failures 
completely  negated  any  protection  in  1?  'in 
percent'  of  these  same  systems,  and  42  of  them  'S7 
percent'  experienced  no  service  interruptions.  Of 
the  f’  protected  systems,  36  ,C1  percent' 
experienced  no  protection  switch  operation  at  all. 


Summary 

The  limited  size  of  the  data  base,  as  well  as 
the  ambiguities  in  some  responses,  suggest  caution 
in  drawing  firm  conclusions  from  this  report. 
Nevertheless,  there  is  some  usable  data  to  be 
extracted,  and  some  general  conclusions  that  are 
Supported . 

Tnere  is  evidence  of  significantly  lower 
reliability  ir  opto-electronic  units  than  in  either 
of  the  other  two  system  elements.  The  study  does 
suggest  that  the  three  system  elements  do  not,  in 
fact,  evidence  the  same  probability  of  failure. 

Regarding  the  lower  reliability  of  the  opto¬ 
electronic  units,  wc  initially  considered  trying  to 
identify  thp  light  sources  by  type,  that  is,  as  LED 
or  laser  units,  so  that  we  might  compare  service 
life,  but  there  were  too  few  LED’s  in  service  in 
the  test  systems  to  provide  a  meaningful  data  base. 
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Convent'onal  service  protection  configurations 
provide  backup  for  all  three  system  elements 
f fibers,  digital  equipment,  and  optical  terminals' 
equally,  without  regard  for  their  individual 
probability  of  failure.  This  design  approach  is 
almost  universally  applied  regardless  of  the 
traffic  density,  service  priority,  or  revenue 
potentials  of  the  application  involved. 

There  are  practical  technical  alternatives, 
however,  such  as  parallel  independent  systems  with 
traffic  divided  equally  across  both.  Perhaps  we 
ought  to  reexamine  the  entire  question  of  service 
protection,  particularly  in  lower  traffic  density, 
shorter  length  systems. 

One  significant  fact  brought  out  by  the  study 
is  the  high  incidence  of  complete  failure  of  the 
interconnecting  optical  cables.  Failures  of  this 
type  far  exceeded  any  other  single  contributing 
cause  of  system  disruption. 

This  suggests  that  an  effort  be  made  at 
analyzing  all  reported  total  cable  failures.  If 
any  pattern  could  be  identified,  say  a  higher 
percentage  of  problems  near  road  crossings,  just 
for  example,  then  perhaps  special  protective 
measures  could  be  discriminate^  taken  to  improve 
mechanical  cable  protection  in  those  areas.  It 
might  even  he  possible  to  provide  alternate  cable 
routing  for  short,  selected  portions  of  a  cable 
run,  if  those  short  portions  could  he  identified  as 
presenting  higher  exposure  to  failure. 

We  are  pursuing  this  further,  hut  our 
experience  with  conventional  cable  plant  in  the 
rural  environment  suggests  that  cable  disruptions 
are  naturally  random  in  nature,  and  we  are  not 
optimistic  that  any  useful  patterns  can  actually  be 
identi fied . 

Perhaps  the  report  serves  best  simply  as  a 
presentation  of  the  worst  case  performance  to  be 
expected  from  systems  constructed  with  state  of  the 
art  equipment  and  techniques  available  today.  It 
seems  reasonable  to  assume  that  new  systems  will 
perform  up  to  these  levels  at  a  minimum,  and  may 
well  present  a  higher  degree  of  operating 
reliability  than  the  questionnaire  responses 
indicate. 

Overall,  lightwave  systems  have  evidenced  a 
remarkably  high  level  of  operating  reliability, 
while  requiring  a  minimum  of  maintenance.  This  in 
itself  presents  a  unique  problem  that  the  study 
program  exposed.  One  question  that  was  asked  of 
all  participants  was  if  they  had  a  scheduled 
program  to  exercise  protection  switching 
capabi 1 i t i es,  when  systems  were  so  equipped.  It 
was  suspected  that  few  system  operators  actually 
did  exercise  this  feature  on  a  regular  basis,  and 
this  suspicion  verified  by  the  responses  received. 


In  general,  REA  experience  with  this 
technology  has  been  excellent.  Although  most 
the  operating  companies  within  the  REA  program  are 
relatively  small  and  limited  in  staff  size,  we  ‘now 
of  none  that  have  had  any  serious  difficulty  in 
constructing  optical  systems  or  in  ina  i -it  3  i  o  ;  ng 
them.  The  problems  we  are  focusing  on  now  are  not 
really  technical  at  all,  but  are  primarily  d;rect»d 
at  implementing  more  cost  effective  designs. 

The  questionnaire  responses  have  been  include-! 
in  this  paper  so  that  interested  readers  may  make 
their  own  analysis,  and  draw  their  own 
conclusions.  We  invite  discussion  on  the  subject, 
and  would  be  most  interested  in  any  s  i m - 1 ar  stud  ies 
done  by  others. 


William  0.  Grant  is  a  Communications  Specialist 
in  the  Transmission  Branch,  Telecommunications 
Staff  Division,  of  the  Rural  Electrification 
Administration,  United  States  Department  of 
Agriculture,  in  Washington,  D.C. 


International  Wire  &  Cable  Symposium  Proceedings  1987  531 


REPORTED  DATA 


1  of  2 


Question  1 
Question  2 
Question  3 
Question  4 
Question  5 
Question  6 
Question  7 
Question  8 
Question  9 
Question  10 


The  REA  Questionnaire 

How  many  months  has  the  system  been  in  regular  service? 
What  is  the  transmission  data  rate  in  Mb/s? 

How  many  regenerative  repeaters  are  there  in  the  system? 
Is  the  system  equipped  for  service  protection  switching? 
How  many  protection  switch  operations  have  occurred? 

How  many  times  has  traffic  been  interrupted? 

How  many  opto-electronic  units  (TX  or  RX)  have  failed? 
How  many  digital  MUX  units  have  failed? 

How  many  single  fiber  disruptions  have  occurred? 

How  many  total  cable  disruptions  have  occurred? 


Sys.  Cable  Questions 


No. 

Miles 

#! 

#2 

A  3 

#4 

#5 

#6 

§ 7 

#8 

■in 

#10 

1 

19 

6 

45 

0 

N 

0 

0 

0 

0 

0 

0 

2 

15 

24 

90 

0 

N 

0 

1 

1 

0 

0 

0 

3 

29 

6 

45 

0 

Y 

0 

1 

0 

0 

0 

0 

4 

3 

18 

45 

0 

Y 

0 

0 

0 

0 

0 

0 

5 

15 

12 

45 

0 

Y 

1 

! 

0 

1 

0 

0 

6 

10 

18 

45 

0 

Y 

0 

0 

0 

0 

0 

0 

7 

13 

13 

45 

0 

Y 

1 

1 

3 

0 

0 

1 

8 

13 

30 

12 

0 

y 

6 

9 

6 

6 

0 

0 

9 

16 

6 

45 

0 

Y 

0 

0 

0 

0 

0 

0 

10 

21 

12 

45 

0 

Y 

0 

0 

0 

0 

1 

0 

11 

17 

12 

45 

0 

Y 

0 

0 

0 

0 

0 

0 

12 

16 

12 

45 

0 

Y 

0 

0 

0 

0 

0 

0 

13 

26 

12 

45 

0 

Y 

0 

0 

1 

0 

0 

0 

14 

14 

18 

45 

0 

Y 

0 

0 

1 

0 

0 

0 

15 

22 

18 

45 

0 

Y 

0 

0 

0 

0 

0 

0 

16 

15 

18 

45 

3 

Y 

0 

0 

1 

0 

0 

0 

17 

11 

30 

45 

0 

Y 

1 

0 

1 

0 

0 

0 

18 

3 

30 

6 

0 

Y 

2 

0 

2 

0 

0 

0 

19 

4 

6 

90 

0 

Y 

0 

0 

0 

0 

0 

0 

20 

1 

60 

1.5 

0 

Y 

5 

0 

5 

0 

0 

0 

2! 

17 

6 

90 

0 

Y 

0 

0 

0 

0 

0 

0 

22 

12 

6 

90 

0 

Y 

1 

0 

0 

0 

0 

0 

23 

10 

6 

90 

0 

Y 

6 

0 

0 

0 

0 

0 

24 

5 

6 

45 

0 

Y 

i 

1 

1 

0 

0 

1 

26 

26 

60 

45 

0 

h 

0 

6 

3 

0 

0 

3 

26 

17 

13 

45 

0 

Y 

1 

2 

1 

0 

0 

0 

27 

11 

36 

16 

0 

N 

0 

6 

0 

0 

6 

0 

28 

7 

12 

45 

0 

Y 

0 

0 

0 

0 

0 

0 

29 

14 

30 

135 

0 

Y 

0 

0 

0 

0 

0 

0 

30 

19 

36 

90 

1 

Y 

12 

2 

0 

1 

1 

2 

31 

7 

54 

45 

1 

Y 

4 

0 

3 

0 

0 

0 

32 

20 

5 

135 

0 

Y 

0 

0 

0 

0 

0 

0 

33 

6 

12 

45 

0 

Y 

0 

0 

0 

0 

0 

0 

34 

3 

12 

45 

0 

Y 

0 

0 
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ABSTRACT 

The  installation  of  large  subscriber  networks  is  now  in 
progress  is  various  French  cities. 

They  correspond  to  a  large  program  of  introduction  of 
optical  fiber  networks,  mainly  offering  cable  TV 
services.  Orders  received  today  are  for  420.000 
subscribers,  corresponding  to  a  total  amount  of  about 
100.000  km  of  fibres.  Due  to  system  considerations, 
the  85/12*>  fiber  is  used.  The  influence  on  the  cable 
design  is  discussed,  considering  mainly  the  microbending 
sensitivity  of  the  fiber.  Cable  structure  has  been  adapted 
to  the  particular  characteristics  of  urban  distribution 
French  networks  :  short  lengths  of  cable  are  laid  in  small 
ducts.  A  reverse  helix  slotted  core  structure  has  been 
selected  with  a  modularity  of  5  or  IQ  fibers  depending 
on  the  fiber  count  comprised  between  5  and  210.  The 
accessories  used  with  these  cables  and  adapted  to  their 
structure  are  described  :  termination  frames,  splice 
boxes  including  description  of  splicinq  procedure,  drop 
terminals. 

Installation  procedures  ore  also  described  :  It  is  very 
important  to  minimize  wastes  of  cable  during  layinq  and 
to  optimize  the  configuration  of  the  cable  network. A 
computer  aided  design  system  has  been  developped  for 
that  purpose.  It  gives  the  exact  total  need  for  each  type 
of  cable  which  is  used  for  production  planning. 


I.  INTRODUCTION 

The  installation  of  large  subscriber  networks  using 
optical  fibers  is  now  in  progress  in  various  French  cities 
and  some  networks  are  now  installed  and  operated  for 
cable  TV  services  distribution.  A  joint  venture  has  been 
established  between  Alcatel  PIT  and  Les  Cables  de  Lyon 
to  deliver  turn-key  systems  and  has  received  to  day 
orders  for  420  DOD  subscribers  corresponding  to  a  total 
amount  of  more  than  100.000  km  of  fibers.  The  system 
installed  is  a  star  network  using  85/125  fibers  to  improve 
light  injection  and  in  order  to  use  LED  as  light  sources 
for  a  maximum  length  of  1.1  km. 


2.  CONFIGURATION  OF  THF  DISTRIBUTION 
NFTWORK 

The  figure  1  shows  a  typical  configuration  of  the 
distribution  network.  A  distribution  center  can  serve  960 
subscribers.  Cables  coming  out  of  the  distribution  center 
are  generally  high  count  fiber  cables.  They  are  fanned 
out  into  smaller  and  smaller  capacities  down  to  a  5  fiber 
cable  ended  by  a  drop  terminal.  The  subscribers  are 
connected  by  single  fiber  drop  cables  to  the  drop 
terminal. 


In  a  first  step  of  installation,  5  subscribers  are 
connected  to  the  5  fibers  on  the  drop  terminal.  In  a 
second  step  it  is  possible  to  connect  5  more 
subscribers  by  inserting  frequency  demultiplexers.  lO 
subscribers  are  then  connected  to  a  drop  terminal  and 
each  fiber  is  shared  by  2  subscribers  :  one  uses  the  850 
nm  window  and  the  second  uses  the  1300  nm  window. 
The  complete  range  of  services  (including  future 
extensions')  delivered  to  one  subscriber  is  carried  on 
one  wavelength  window  of  a  fiber,  that  determines  the 
band  width  of  the  fiber. 


3.  FIBER 


As  it  has  been  said  above,  the  fiber  used  is  a  85/125 
one.  The  selection  of  fiber  parameters  comes  from  a 
system  analysis  to  meet  the  power  budget  and  band 
width  requirements.  The  main  characteristics  of  the 
fiber  are  : 

C ore  diameter  85  +  5  urn 

Cladding  diameter  125  +  3  pm 

Primary  coating  diameter  250  ♦  lS^jm 

Core  non  circularity  <  6  pm 

Cladding  non  circularity  <  2  pm 

Core/c!adding  non  concentricity  <  6  pm 

Cladding/Prim,  coating  non  concentricity  <  lO  pm 

Numerical  aperture  0.26  +  0,02 
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Attenuation  at  RSO  nm 
1 300  nm 


<  4  dB/kin 

<  2  dB/km 


Bandwidth  at 


BSD  nm  >  200  MHz. km 
1300  nm  s  200  MHz. km 


4.  CABLETS 


Distribution  cables  have  been  designed  to  match  the 
particular  characteristics  of  urban  distribution  F reneh 
networks  :  they  use  a  large  amount  of  small  diameter 
plastic  ducts  [0  2fl  -  33  or  45  mm'i. 

Furthermore,  the  distance  bptween  distribution  renter 
and  drop  terminal  is  short  'average  400  m,  maximum 
1  lOO  m^  and  the  cables  are  usually  laid  by  short,  lengths. 
Consequently  some  parameters  become  predominant  for 
these  cables  :  diameter,  bending  capability  and 
flexibility  in  particular. 

The  use  of  fl*>/12^  fiber  adds  some  specificity  to  the 
cable  design  :  the  fiber  is  basically  more  mirrobendmg 
sensitive  compared  to  a  standard  r»n']2‘>  fiber.  It  is 
therefore  important  to  use  a  structure  and  a  cabling 
process  that  insure  a  minimum  level  of  rnirrobending  on 
the  cabled  fillers. 

Tinallv.  the  importance  of  cable  splicing  due  to  the 
laving  by  short  lengths  ar  1  the  great  number  of  splicing 
points  has  been  considered  during  the  selection  of  the 
cable  structure  *.  an  easy  access  to  fibers  and  a  simple 
identification  are  important  parameters.  Structures  with 
more  than  one  fiber  per  cavity  'tube  or  groove'  have 
been  rejected  for  that  reason. 

A  reverse  helix  slotted  core  structure  is  used  1-  :  the 
basic  unit  has  r>  or  ID  grooves  and  one  fiber  by  groove. 
The  r>  fibers  unit  is  used  only  on  single  unit  cables  whilst 
10  fiber  units  are  stranded  to  obtain  cables  from  20  to 
210  fibers. 

The  range  of  standard  cables  is  :  20  -  30  -  SO  -  70  -  of) 
-120  -  ISO  and  210  fillers.  The  figure  2  shows  cross 
sections  of  the  central  part  of  these  cables. 

These  cables  and  the  single  unit  S  fiber  cables  are 
protected  by  a  laminated  aluminium  and  polyethylene 
sheath.  This  outer  sheath  is  made  of  high  density 
polyethylene. 

Due  to  the  variety  of  locations  of  drop  terminal,  S  fiber 
cables  can  be  used  not  only  in  ducts  but  also  as  aerial  or 
wall-mounted  cables.  For  that  purpose  a  special  version 
has  been  developped,  distinguished  by  a  filling  of  the 
optical  core  and  a  single  polyethylene  sheath. 

The  figure  3  shows  the  complete  range  of  distribution 
cables. 

Two  types  of  drop  cables  have  been  developped  :  an  in 
door  cable  and  a  multipurpose  cable  that  can  he  used  as 
aerial,  wall  mounted  or  buried  cable.  In  both  cases  the 
cable  uses  a  IJ  stucture  with  2  metallic  strength 
members  'figure  4).  The  multipurpose  cable  is 
distinguished  by  a  jelly  filling  and  by  kevlar  strength 
members  included  in  the  sheath. 


Figure  3 


Figure  4 
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5.  CABLE'S  ACCrSSORirS 


Cables  accessories  have  been  developped  in  parallel  with 
the  cable  structures  in  order  to  obtain  the  best  fittinq  all 
along  the  line. 

During  the  design  of  cable  accessories  a  great  attention 
has  been  paid  to  the  reduction  of  installation  times  and 
simplification  of  operational  procedures. 

5  A  Splices 

The  splicing  method  has  been  selected  on  the  basis  of  the 
following  requirements  : 

quality  of  the  splice  in  terms  of  attenuation, 
reliability,  stability  versus  environmental  'thermal 
and  mechanical)  conditions, 

easy  field  installation,  including  short  time  to 
perform  the  splice  and  a  low  number  of  defects, 

simple  and  low  cost  tool-kit  and  materials. 

short  training  time  for  the  operators. 

We  have  selerted  the  ATI  Plncoptic  System  It  uses  a 
bonding  technique  with  a  UV  curable  adhesive,  fibers  are 
aligned  by  an  elastomeric  V  grooved  centering  device 
and  bonded  on  a  glass  plate.  The  splice  is  protected  by  a 
stainless  steel  cradle.  Average  splice  loss  on  85/1 2r> 
fibers  is  D.1S  db  at  850  nm. 

This  method  has  been  preferred  to  fusion  splicing  as  it 
gives  similar  results  in  terms  of  attenuation  and 
environmental  behaviour  with  advantages  regarding  the 
cost  and  safety  :  the  investment  for  the  tool-kit  is  much 
lower  than  for  a  fusion  splicer  and  there  is  no  electric 
arc  or  flame  in  order  to  minimize  potential  hazards 
under  severe  conditions. 

The  cost  of  consumable  products  and  the  time  needed  to 
perform  the  splice  are  comparable  to  those  of  a  fusion 
splice. 

5  R  Semi  permanent  splices 

These  devices  nre  intermediate  between  a  permanent 
splice  and  a  reusable  connector.  They  can  be  used  in  the 
distribution  center  for  connecting  a  subscriber  to  a 
distribution  line  in  a  drop  terminal.  They  meet  the  same 
basic  requirements  as  the  permanent  splices  and 
moreover  they  offer  some  possibility  of  reintervention. 

They  are  made  of  \3)  : 

a  mounting  block  with  a  buffer  retention  mechanism 
at  each  end. 

an  alignement  block  with  a  V  groove  to  align  the 
fiber  and  clamping  mechanisms, 
a  cover  for  mechanical  protection. 

The  figure  5  shows  the  termination  of  a  lO  fiber  unit  in 
a  distribution  center  :  the  lO  fibers  are  ended  in  a 
termination  frame  by  ID  semi  permanent  splices  (on  the 
left)  and  ready  to  be  connected  to  ID  single  fiber  cords. 


This  organization  is  matched  to  the  lO  fiber 
modularity  of  the  cables  and  offers  a  great 
adaptativity  :  the  210  fibers  of  a  high  count  cable  can 
be  distributed  very  easily  in  21  different  points. 


5  P  Splice  housing 


The  basic  component  in  the  splice  housing  system  is 
the  cassette  splice  organizer.  It  has  been  designed 
especially  for  the  use  in  distribution  networks  where  it 
is  sometime  impossible  to  work  in  the  vicinity  of  the 
final  splice  location  . 

Therefore  it  is  necessary  to  accommodate  some  extra 
length  of  cable  unit.  This  is  done  by  the  external  part 
of  the  cassette  acting  like  a  drum  on  which  the 
required  extra  lengths  of  cable  units  are  wound  'figure 
6>. 

This  operation  can  be  done  very  safely  as  the  lO  fibers 
are  protected  by  a  slotted  core  unit  which  has  a  good 
mechanical  strength.  Tt  is  the  reason  why  we  have 
preferred  a  low  fiber  count  modularity  instead  of  using 
a  structure  with  several  fibers  by  groove  or  by  tube.  If 
so,  in  order  to  keep  the  easiness  of  division  of  high 
count  cables  it  shouldbe  likely  to  match  the  number  of 
fibers  in  a  grDove  and  the  number  of  fibers  connected 
in  a  cassette.  Rut  in  that  case,  the  group  of  fibers, 
even  protected  by  a  tube,  has  not  the  same  mechanical 
strength  as  the  slotted  core  unit  and  the  work  out  of 
the  hole  fo’lowed  by  the  winding  of  the  extra  length  of 
fibers  can’t  be  done  with  the  same  level  of  safety. 

The  centre1  part  of  the  cassette  houses  the  ID  splices 
corresponding  to  the  ID  fibers  cable  units.  These  cable 
units  are  clamped  at  the  periphery  of  the  central  part 
and  a  plastic  organizer  holds  the  lO  sinqle  fiber 
splices.  Plastic  walls  are  integral  parts  of  the 
orqanizer  to  avoTd  any  sharp  bendinq  of  the  fibers. 

A  plastic  cover  closes  the  central  part  in  order  to 
protect  the  splices  and  the  fibers. 
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By  rotating  the  cassette  the  extra  lengths  of  cable  units 
are  wound  on  the  external  part  :  Up  to  6  feet  of  each 
cable  unit  can  be  easily  stored.  The  cassette  in  then 
placed  within  the  housing  in  a  plastic  holder  and  a  plastic 
cover  is  used  to  close  the  cassette  and  to  protect  the 
cable  units. 


F iqure  6 

Accesses  to  splice  housing  exhibit  cylinders  calibrated  at 
the  outer  diameter  of  various  cables  used. 
Thermoshrinkahle  sleeves  are  applied  to  protect  against 
water  penetration. 

Two  tvpes  of  housing  have  been  develnpped.  PH  50  and 
PPI.  90  respectively  for  a  maximum  of  ^O  and  fJO 
splices  'i.e.  holding  5  or  d  cassettes'. 

If  necessary  'for  example  with  high  count  cables'  several 
housings  can  he  cascaded  to  obtain  the  required 
rapacity. 


k 


1  : 


■fl 


F iqure  7 


Splice  housing  is  waterproof,  ran  he  pressurized  and  can 
insure  the  grounding  of  cable  sheaths.  It  ran  lie  easily 
reopened  fnr  future  intervention  and  can  he  adapted  for 
the  use  of  other  types  of  permanent  splices  if  required 

The  figure  7  shows  a  PPl.  50  mounted  in  a  wall  and  the 
figure  fl  shows  a  PFI.  df)  installed  in  a  hand  hole. 

S  O  1  )rop  terminal 

The  drop  terminal  realizes  the  fanning  out.  of  distribution 
cables. ft  corresponds  to  the  point  where  single  fiber  drop 
cables  coming  from  the  subscriber’s  premices  are 
connected  to  the  distribution  network. 


Figure  R 

According  to  the  system's  requirements  two 
subscribers  can  share  a  single  fiber,  one  using  the  tUO 
nm,  the  second  using  the  1500  nm  window.  Optical 
accesses  of  a  drop  terminal  are  constituted  hv  : 

-  one  s  fiber  cable 

-  ten  single  fiber  drop  rallies. 
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In  that  case  the  drop  terminal  houses  : 

-  the  fanning  out  system  of  the  5  fiber  cable  that 
provides  a  1,2  m  excess  length  of  fibers  and  enables  at 
least  12  reinterventions  on  fibers  (4) 

New  tow  cost  connecting  devices  are  presently 
developped.  They  will  facilitate  future  interventions 
by  providing  an  easy  connection  or  disconnection. 

-  5  demultiplexers  connected  to  the  *>  distribution 
fibers, 

-  10  connecting  points  between  demultiplexers  outputs 
and  single  fiber  cables. 

Tiqure  9  shows  a  drop  terminal  mounted  in  a  wall  and  its 

internal  organization  including  the  S  demultiplexers 


Tigure 


n.  Network  engineering 

As  it  has  been  said  previously,  the  average  laving  length 
of  rabies  is  small.  n nnsidering  the  production  costs,  it  is 
impossible  to  produce  lengths  of  cable  at  request,  ^ahles 
are  manufactured  by  long  lengths  'typically  2  (iDO  m' 
and  cut  at  the  real  length  in  the  field.  Tspecinlly  for  high 
fiber  count  rabies  it  is  very  important  to  minimize 
wastes  of  cable  in  terms  of  overall  cost  of  the  system. 


Furthermore,  it  is  necessary  to  optimize  the  cable 
network  considering  the  existing  duct  network  :  a 
computer  aided  design  system  has  been  developped.  It 
takes  into  account  the  existing  duct  network  and 
locations  of  distribution  center  and  potential 
subscribers  and  gives  an  optimized  cable  network  with 
location  of  drop  terminals  and  splices.  Included  in  this 
output  are  new  works  to  be  done  before  the  cable 
installation  'i.e.  creation  of  new  ducts'’  and  the  detail 
of  lengths  of  cable  necessary  given  for  every  fiber 
count.  Tiqure  in  shows  the  equipment  used  and  figure 
11  represents  a  part  of  results  obtained  giving  the 
necessary  lengths  and  types  of  cable  for  a  part  of  the 
area  covered  by  a  distribution  center.  Other  outputs  of 
the  system  are  maps  with  location  of  ducts,  splices 
and  drop  terminals  and  all  the  lists  of  materials  and 
works  to  perform  necessary  for  the  area  covered  by 
the  considered  distribution  center. 


Figure  lO 
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7  CONCU  JSIGNS 


A  complete  line  of  products  has  been  deveiopped  for  the 
installation  of  new  optical  subscriber  networks.  The 
installation  is  started  in  a  very  large  scale  :  when  this 
paper  was  written  several  networks,  corresponding  to 
more  than  lOO  OOO  subscribers,  were  already  installed 
using  these  products,  and  a  large  experience  has  been 
gained  in  actual  field  conditions  that  proves  the 
efficiency  of  the  selected  solutions. 
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relleulat  uni  adopted  for  the  Mo  1  hour  .io  iiotuicf  k 
together  w  i  l  h  lit*-  table  designs  eiup  1 «.  *y  ed  It 
al*o  liasi  r  ihos  l  lu'  pr  a<  l  li  es  ei  ed  I  nr  p  l  a*  111*4, 
spew  ii,.j  ( i  -  r  nit  m,<  1  mg  Mini  lt".l  ni'i  of  t  ho  table 


Cost  1  omprtM'i.ins  showed  that  in  the?  first  yodr 
an  iij.it  leal  fibre  network  was  <  l early  more 
expensive  than  <  oa*  ia  I  table  but  over  10  years 
tin-  uucr'al  1  lusts  wore  appr ox  1  unit  o  1  y  the  same 
1 1 1 1  s  uws  1  ons  ider  ed  10  <4 1  ue  sufficient 

mditril  luii  1h.it  iri  llio  longer  term  optical  fibre* 
would  ho  !  hi>  preferred  transmission  medium 
Ibis  choice  avoids  t  ho  not'd  for  at  l  t  vo  Coaxial 
transmission  elements  in  l  ho  external  network 
■  oul  nun  vtilr(th*v.  training  Hr  id  operat  i  unn  l 
support  noods  Jo  a  developing  now  technological 
nf'i-rt  Also  the  high  t  r  unsm  1  M  on  c  apub  1 1  1 1  1  o  s 
of  opt  11. si  fibre  would  enable  Toloiom  to  expand 
1  I  •.  technological  profile*  nr  id  c  ompet  1 1  1  uo  status 
m  tin*  re  let  omnium t  at  ions  industry  It  is  now 
expelled  that  gr  owl  h  will  tu*  more  trip  id  and  will 
r  t'rti  b  a  subst  ant  lal  ly  higher  level  than  1  he 
or  igmally  assumed  trend 

Nl  1UOKK  fflRUCUIRl 


KAt'K  (WOUND 

I  nr  iy  10  l*VRt  a  working  gr-tup  whs  established  to 
examine*  I’i'.r  ibli*  network  c  onf  igurat  ions  and  t  Vlt¬ 
ava  1  l (to  l»*  technology  I  or  est  ah  l  1  sh  nuj  <1  wideband 
rie  luiar  k  which  would  provide1  ait  ess  lor  up  lo  r»(i 
*.t*lo«  ted  Melbourne  1  IW>  bn  1  Iti  1  n*4  «  Var  ious 

analogue  ami  digital  wideband  services  wore* 
considered  liu  lading  video,  data  and  i  AN 
srri'u  a1.  together  with  wideband  arid  Optical 
-wit  1  hi ng  appluat  ions  lionouiu  evalual  ion  was 
also  «  ar  r  led  out  to  determine  the  most 
appropriate  l  r  ansiiu  *  s » on  mod  mm  the  ihuuo 
narrowed  t  o  t  he  two  «t  1  l  ernal  l  vt*s  of  optical 
f  ibre  table  arid  CAIV  typo  coaxial  table 

lit*'  a  s  s  1  Hi.*  •»  1  development  trend  was  an  nut  ial  <0 
services  increasing  to  1000  ser  v  U  es  over  a  10 
year  per  Uni  It  was  considered  that  t  tit'  io>l  of 
optical  fibre  to*  him  logy  would  reduce 

dramal  ually  over  tins  per  tod  whereas  coaxial 
table  tests  would  at  least  remain  toll*,  taut  or 
1  eu  Ui  possibly  increase 


the  Melbourne  network  consists  of  a  r  inq  ot 
optical  fibre  tables  linkmq  A  1  c  t  v  telephone 
exchanges  and  a  system  of  loop  and  spur 
distribution  tables  emanating  from  these 
exchanges  lliesc?  tables  pass  m  t  tie  vicinity  of 
approximately  *»0  idem  1  f  ied  major  business 
houses  including  buildings  occupied  by  staff  of 
telecom  Australia  Ring  and  loop  lopoloqy  was 
c  host'll  for  tins  networ  k  as  over  seas  exper  ience 
had  indicated  that  customers  requiring  service? 
with  high  data  rales  often  do  s  i  rod  two  space 
diverse'  cables  from  their  buildings  for 
security  I  tu*  arrangement  adopted  allows 

t  ur.t  omen.  to  be  provided  with  space  diverse 
fibres  from  their  buildings  to  the  local 
ext  fiange  as  well  a-  having  spat  e  diversity  10 
traversing  the'  (HD  inter  exchange  network  (r>eo 

fig  n 

In  the  distr  mut  ion  loops  nominated  1 ihros  are 
<  ot  at  prodot er mi  nod  locations  end  the  ends 
extended  to  customer  build  trigs  so  that  they  tan 
be'  manual  lv  patched  lo  provide'  »  ircwtls  in  both 
directions  Similar  pate  ti  mg  ar  1  angetwont  s  arc* 
a  t  so  provided  in  I  l»i*  A  oxcti.irgi's  to  inter 
C  ouiit'c  t  1  1  hr  c*s  in  the  rug  and  distr  1  uht  ion 
« ables 
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Fig.  1  External  Cable  Construction 

inuknai  emu  l  tU'oir.M 


T ig .  3  Internal  Cable  Construction 
l NS TALL A T ION  AS PEC VS 


Cable  Placement 


(loner  a  1 

Vhose  provide  I  he  l  onnocl  ion  between 

d  i  s  l  r  i  bu  l  i  «.  »n  V  rame  s  i  n  t  u  s  l  omo  r  bu  i  l  cj  i  ng  s  a  t 
whu  h  lead  in  cables  terminate  and  l  ho  terminal 
equipment  l  ho  cable  contains  four-  single  fibre 
inrds,  one  h  cord  consisting  of  a  nylon  jacket  ted 
fibre  strengthened  peripherally  with  arum  id 
yar  ns  and  enclosed  in  a  PVG  sheath.  The  four 
lords  together  with  two  fillers  are  tightly 
s  l  rdi  >i  led  around  a  central  strength  member  to 
form  tin-  Final  cable  further  details  ar  o 

pr  ou  idod  below  (';ee  also  fig  V) 

Op l  ica!  I  bore  Char  ai  t  or  i s  t  ic  s 

Mult  irnotJo  '-O/lyS  urn  loro/c  (adding 
l  t  cJH/km  maximum  allonuat  ior» 

('(if)  MU/  km  minimum  bandwidth 

bee  end  window  (1300  nm)  oper.il  ion 

Pr-olei  t  »ve  coat  mg  (>  0  mm  O  0  .  nylon 

Cable  Construction  and  Mechanical  Char ac t er i st  tc  s 

tiKP  r<>d  central  strength  member 
I’ll  l  yes  t  er  c  or  e  wr  ap 

f'i>rd  and  C.ahlo  ..heat  h  flame  t  elardunt  PVC 
ral»le  mass  l  ?0  kg/km  (opprux) 

Mm  urn im  bend  radius 
I  1 '  \  mm  (  no  l  ■  » J  ) 

*  V.  HIM'  (  l  MOO  N) 

''■ir  lie  t  l  ength  l  MOO  New  I  ■  'll;. 

■  ill  Mas-.  (Newtons  kg/km) 

H  «  l 


fhe  ring  of  •  ablos  linking  l  ho  four  telephone 
exchanges  were  installed  in  the  existing  tunnel 
system.  The  practice  used  was  to  food  the  cable 
from  a  cable  drum  trailer  positioned  at  street 
leu  el  into  the  tunnel  0  met  •  os  below.  It  was 
hauled  along  the  tunnel  floo.  and  then  lifted  bv 
hand  on  to  ISO  mm  wide  tray-,  on  which  it  was 
permanent ly  supported 

the  distribution  tables  emanating  from  the  city 
exchanges  were  hauled  into  one  of  three  3r‘  mm 
polyethylene  pipers  which  had  previously  been 
installed  in  a  vac  ant  100  mm  PVC  conduit  forming 
part  of  an  existing  duel  route  located  under  the 
city  footpaths  the  provision  of  t  tie  so 

sub  ducts  allows  the  100  mm  conduit  to  be 
ut  i  1  j/ed  for  future  opt  ic  al  cable  mstallat  ions 
without  incurring  possible  damage  to  cables  in 
situ.  The'  conduit  selected  t  o  house  the 
distribution  cable  was  located  where  possible 
beneath  I  he  lop  layer  of  the  duc  t  route  and  as 
close  as  pra<  l  icablo  to  the  building  alignment 
With  111  is  ar  alignment  the  upper  and  outer  ducts 
of  the  route  would  af Cur’d  some  protection  in  the 
event  of  mechanical  damage  occurring 

I  he  main  challenge  of  the  installation  was  io 
haul  the  ring  and  loop  'ables  in  one  • on* inuous 
1  eng  (  h  be  I  ween  l  erni  i  na  1  i  rig  po  i  nt  s  i  n  t  he 
•  »xc  ha  ago  buildings.  Ibis  required  a  careful 
placement  of  t  ho  hauling  winches  so  that  work 
would  progress  sal i s f ac t ora  l  l  y  without  exceeding 
maxi  urn  permissible  cable  tension:.;.  All  cable 
hauling  work  was  performed  at  night  to  avoid 
disrupting  day  l imo  vehicular  and  pedestrian 
l  r  at  f  1 1 
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The  winch  trucks  used  were  locally  designed  and 
wore  mounted  on  a  l .  j  tonne  c  ub  chassis.  fin 

aluminium  tray  filled  to  the  chassis  supported 
the  l.l  metro  diamc l or  aluminium  capstan  wheel 
which  could  be  angled  In  suit  the  direction  of 
haul  A  power  take  off  from  a  hydraulic  pump 
prov  ided  the*  drive  t  <»  the  capstan  A  control 

panel  with  safety  surround  is  siutuated  between 
the  cab  and  winch.  (See  fig  4)  1  he  cable  was 

hauled  at  speeds  of  10  4t<  metres  per  minute  with 
hauling  lengths  varying  between  l  to  7  S  Km .  At 
pro  designated  manholes  a  70-30  metre  loop  was 
left  in  distribution  cables  to  fat  ililate 

connect  inn  to  customers. 


I  ig  4  Hauling  Optical  f  ibro  Cable 

Al  these  loops  openahle  typo  joints  are  being 
installed  which  enable  up  to  four  l?  fibre 
lend-  in  cables  to  be  run  from  eat  h  local  ion 
Whi'n  a  customer'  is  to  be  connected  l  o  the 
network  the  nearest  openahle'  joint  on  the 
distribut  ion  cable  serving  the  building  is 
accessed  arid  a  toad  in  cable  is  provided  from 
the  joint  t  o  the  building.  Tn  many  instances,  an 
openahle  joint  will  not  be  located  opposite*  the 
desired  building  in  which  case*  the'  load  in  cahle 
will  follow  the  dislribtuion  cable*  in  a  separate 
sub  duct  for  some  distance*  before  brandling  off 
into  the*  building 


Ca b  1  e  J o i n t  i rig  a nd  7 erm i  na t  i ng 

The  principle  initially  adopted  for  the  openahle 
joints  was  that  all  distribution  fibres  would  be* 
jointed  through  except  those  required  for 

immediate  use  which  would  be  spliced  to  the 
lead  in  fibres.  Subsequently  it  has  been 

decided  to  install  an  alternative  jointing 
technique  involving  a  74  fibre  terminating  arid 
pa  t  c  h  L  ng  panel  In  this  s  y  s  t  om  flexible 

pigtails  are  spliced  to  the  desired  distribution 
and  lead-in  fibres  to  facilitate  manual  emss 
connection  of  up  to  a  maximum  of  74  fibres  via 
the  through  connectors  in  the  connector  fr  use 
(See  fig  S)  .  This  enables  a  range  of  joint  ing 
and  fibre*  allocation  arrangements  t  o  be 

developed  to  provide  flexibility  in  the* 

connect  ion  and  re -arrangement  of  service's 
Splicing  of  fibres  in  the  openahle  joints  was 
performed  using  l  he  fusion  technique  and  the 
operation  was  conducted  in  specially  designed 
air  cond i t  i onod  veh ides  to  prov  ide  a  c ont ro l  I ed 
environment  free  from  dust  and  d i rt . 


Fig.  h  Connoc  l  or  i  se'd  Optical  fibre*  Joint 

In  l  lie  four  exchanges  and  at  customer  buildings 
each  cable  end  is  terminated  at  the*  opt  i*  a  l 
fibre  distribution  frame  via  10  metre*  pigtails 
fusion  spliced  to  the  street  fibre's.  Iho 
pigtails  connoc  t  t  o  48  f ibro  e  apac  i  t  y 
terminal  ion  and  patching  module’s  which  arc? 
capable  of  accept  mg  up  to  40  04  through 
connectors.  The  modulo  is  also  designed  to 
house  the  organ! /or  trays  used  for  storing  t  tic* 
fusion  splice*  s  and  excess  fibre  pigtail 
(Sec*  fig  f»)  1  ho  internal  cable  connoc  l  ing  to 

the*  termination  and  patching  modules  wore 
provided  with  04  field  fittable  connectors 
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CXlNCL  US  IONS 


Fig.  6  Optical  Fibre  Distribution  I- r  .imp 
Coble  Testing 

Cable  tosl ing  was  performed  to  ensure  splice 
continuity  and  integrity  and  to  provide  valuable 
feedback  to  l be  jointer  .  as  part  of  their 
training  programme  Measurements  of  insertion 
loss  and  splice  loss  where  taken  on  each  jointed 
fibre.  On  Optical  Time  Domain  Rofloi  tometvr  was 
used  to  provide  the  splice  loss,  the  dislarue  to 
a  splice  and  the  loss  of  the  fibre  up  to  and 
beyond  the  splice.  Prints  of  t  be  OIDft  traces 
were  recorded  for  future  tun  i  nl  enanc  e  purpose*;. 

optical  ftbri  OAttu  rfcoro  rwn 

With  the  es l abl i shment  of  the  Melbourne  wideband 
network  arid  l  he  prospect  of  simi  lar  networks  in 
other  local  ions  an  agreed  rial  iunal  f  ibre 
numbering  scheme  has  been  developed  which  will 
form  the  basis  of  a  plant  recording  system  It 
is  expected  that  l  he  complexity  of  loop 
connections  generated  by  customer  access  and 
security  requirement s  will  necessitate  field 
staff  involved  in  providing  and  maintaining  the 
service  to  have  direct  access  to  computerised 
records.  One  system  under  consideration  is  to 
provide  portable*  personal  computers  and  a  set  of 
updateable  disk  records  in  field  vehicles. 


fh  i  s  art  ii  lo  teas  described  the  establishment  of 
an  optical  fibre  cable  network  i . .  the  Melbourne' 
CUD  lo  preside  the  means  to  link  selected 
bu i 1 d  i ng s  with  h i gh  c  a par i t y  digital  services 
l  he  network  has  been  designed  to  transport  those 
services  over  diverse  routes  to  give  an  enhanced 
level  of  security  and  reliability. 

The  techniques  to  be  used  in  subsequent  CRD 
networks  will  largely  evolve  from  the  experience 
gained  with  the  Melbourne  CUD  installation.  for 
example,  the  use  of  looped  fibre  distribut  ion 
and  the  recording  methods  developed  for  its 
effect ivo  management  will  he  universally 
imp  1  emeu  l  ed .  I  he  complexity  possible*  with 

customer  fibre  ini  erconrmc t ions  highlights  I  ho 
need  for  a  computerised  recording  system  which 
is  currently  receiving  attention 

A  CUD  network  employing  single  mode  optical 
fibre  cable  is  to  be  installed  in  the  city  of 
Sydney  during  198//8R  and  further  such  networks 
will  be  established  in  the  remaining  capital 
cities  and  the  larger  regional  centres.  All  of 
these  networks  will  eventually  have  access  to 
0/F  trunk  and  junction  cables  so  that  in  duo 
course  all  major  business  areas  in  Australia 
will  be-  able  to  be  linked  via  high  performance 
0/F  bearers . 
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owmli'rwni  •*  of  telephone  sorviios  in  a  country 
district  r.  i  ru  o  lOpO,  ho  has  boon  working  on 
Uio  nUnnmq,  resourcing  and  imp  l ement  at  i on  of 
transmission  and  data  fat  ilily  projects.  During 
this  (  iiuo  ho  assumed  I  ho  rolo  as  (ho  projoi  ( 
manaqor  l  or  tho  Mo  l  hour  no  C’.HD  opl  ical  I  i  hr-o 

i ns ta l  hit  ion 


Michael  McK  i  I  pr  i «  k  gradual  od  in  l €*  /O  from  '  hi* 
Royal  Mo  l  hour  no  Institute  of  I  c*(  hno  loyy  m  Civil 
Fnrj  :i  no  or  iocj  and  jo  i  nod  lolotniu  Austral  ia  in 
IQ/4.  Current  ty,  ho  has  national  oversight  ,or 
tho  development  of  external  plant  practices 
assoc  ialod  with  optical  f  i  bre  'able  installation 
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PRODUCT  I  ON  AM)  INSTALLATION  OF  5 INGLE-MODE  OPTICAL  CABLE  ON  A  KM 
ROUTE  WITHOUT  RE PET EARS  UNDER  EMI  CONDITIONS  AT  MEXICO  CITY  AREA. 


Gerardo  Chavez  Diaz,  Juan  Carlos  Salazar  Cerda,  Eduardo  Goddard  Moore 


Condumex ,  Te  lecommun  teat  ions  Division 


ABSTRACT 

The  Mexican  I'elephom*  Administration  fELMKX  a  iter 
analyzing  different  alternatives  to  solve  communi¬ 
cations  growing  demand  in  some  areas  of  the  coun — 
try,  has  chosen  an  Optical  Fiber  System  to  cover 
the  route  he tween  Mexico  City  and  a  industrial  ci¬ 
ty,  "Cuaut it  Ian" ,  that  is  3l3  Km  away.  As  an  impor¬ 
tant  remark,  the  network  has  had  several  problems 
in  the  past  because  of  high  Electro-Magnetic  Inter 
tcrcnce  causing  severe  damages  on  Central  Office 
equipment .  This  implied  that  J  tvpes  of  structu — 
res  were  proposed  as  a  solution  for  the  link  :  One 
metal  ic  and  the  other  a  1  ’ -d  ie  lect r  ic .  it  uses  sin¬ 
gle  mode  fiber  with  0.5  d!>/Km  maximum  attenuation 
opera  tiny;  in  the  1300  nm  wavelength  ratine.  The 
lsUMb/s  system  installed  operates  without  repea¬ 
ters  taking  lull  advantage  of  dynamic  range  for 
the  whole  system  and  giveing  this  alternative  good 
com;  ft  it i v i t v  and  cost  effectiveness. 


1X1  RQDi  cnox 

As  a  •*esuit  of  the  increasing  demand  for  high 
pen  ormarue  digital  capability  in  the  lo.,g-..aul 
trum,  networks  within  the  country,  and  because  ol 
severe  EMI  prob  l o i .  occurred  previously  on  the 
link  from  Mexico  Citv  <*Ie  lepin-n.-  main  exchange 
"San  ’nan")  t<>  a  city  in  the  suburbs  area  called 
"Cuaut  i  t  1  an"  (a  iD-km  route),  the  Mexican  Telepho¬ 
ne  Administration,  Tcloionos  de  Mexico  O'KLMEX) 
decided  to  establish  an  Optical  Fiber  System  for 
protection  and  warranty  on  communication  periorman 
c».*  between  both  cities. 

Route 

V!ie  M)  km  route  runs  1  rum  Mexico  City  downtown  to 
the  northern  part  of  the  city  suburbs  with  J  Km  - 
length  cables  inst.  lled  on  ducts.  ibis  route  was 
covered  tming  31.5  Km  of  armored  optical  cable  m 
protect  against  ro<lent  attack  at  the  metropolitan 
area.  7.5  km  of  dielectric  cable  were  used  on  the 
last  part  of  the  route  prior  to.  arrival  at  "(tiau- 
titlan"  Central  Oflice,  because  the  vicinity  oi  a 
J  jO-KV  K  lect  rival  substation  could  cause  conside¬ 
rable  inductions  ;1  an  armored  cable  was  istalled 
there  with  the  risk  ol  damage  ol  digital  equ  i  ptm-n  t¬ 


in  general  the  environmental  conditions  were 
stable  but  the  temperatures  could  rise  up  t  '  Jn 
Celsius  degrees  in  strong  sunlight,  "i  he  route 
no  gentle  contours  as  we  can  expect  on  a  high 
density  telephone  area  and  required  .in  adequate 
planning  to  fully  control  and  handle  the  inst  illa¬ 
tion  with  proper  test  procedures.  figure  i  o. 
t lie  cable  route. 

CARLE  DESIGN  AND  MANUFACTURE 

Single  mode  fiber  spec i t i cat  ion 

The  single  mode  optical  fiber  used  in.  this  link 
has  the  following  characteristics: 

1)  Maxi  muni  fiber  attenuation:  o..«  dB/Km  at  i  pm  \\v. 

Ji  Cut-off  wavelength:  1J00  +/-  “o  nm 
i  Transr.  i  ssion  metinuij 

3)  Mode  Field  Diameter  at  1  did  nm:  lu  +  /-  l.ii 
m  i  crons . 

s)  Maximum  total  dispersion  between  >  *. t.i  nm: 

<  3.5  ps/nm.  Km 

5)  Core-Clad  concent ri t  it v  error:  <  I  mi  crop 
63  Cladding  diameter:  1.15  +/-  >  iv.ii  rcii*. 

These  fiber  ware  coated  with  a  two  Inver  IV 
acrylate  eorposite.  The  inner  lawr  is  a  "Low  mo¬ 
dulus"  material  *o  provide  icroh  rtd  resist  cu, 
whereas  tin*  outer  haver  is  a  "hi,...  .  dulus1-  mate¬ 

rial  to  resist  abrasion  and  pro'  ■-  le  strung-.: 
r-tent  ion.  ih<*  m  t  e  r  .  d  i  a- .  t  •*  r  .  f  the  coatiiu,  was 
nominally  .:50  runons.' 

Single  mode  i  iher  c!  nr •  i_c  t  c  r  i  /at  i_c 

fhe  fiber  w a.  measured,  prior  to  packaging  to 
de termin'  • 

1)  AtLenuation  at  1  UK/  c.n; .  boasuied  using  the  cut- 
back  reference  technique,  and  vorilied  ny  i'TDK 
read  out  . 

1)  Into!  l  Wave  I  eng  tit  and  Mode  Field  Diameter  at 
1  300  nm. 

1)  Core  content  r  i  c  i  t  v  ami  cladding  dia.eter. 

Measured  using  a  microscope  system  ompioving  an 
image  shearing,  technique. 

The  average  values  lor  these  paiameters  measured 
on  single  mode  libers  lor  the  1  ink  were: 


546  International  Wire  &  Cable  Symposium  Proceedings  1987 


Attenuation  at  1300  nm:  0.35  dB/Krr. 

Cutoff  Wavelength:  1200  nm. 

Mode  Field  Diameter  at  1300  nm. :  10  microns 
Core/clad  concentricity:  1  micron 
Cladding  diameter:  125  +/-  1  micron 

Cable  Specification 

Single  mode  optical  cables  are  specified  to  meet 
an  operating  temperature  range  from  -10  Celsius 
degrees  to  +  50°C  under  normal  conditions  with  a 
maximum  compression  load  af  3000  Kgf  over  15  cm 
of  cable,  and  must  be  fully  filled  to  avoid  water 
or  moisture  penetration  on  the  cable. 

Cable  Cons true t i o n 


The  cable  design  is  based  on  a  filled  loose  tube 
stranded  configuration  comprising  10  single  mode 
fibers;  the  fibers  are  color-coded  (black  and 
white)  for  easy  identification.  Two  fibers  are 
packaged  per tube.  One  filler  is  used  to  conform 
properly  the  structure.  The  tubes  and  filler  arc 
stranded  around  a  bare  tensile  steel  strength 
member  or  a  fiberglass  epoxy  member  according  t«' 
the  type  of  cable. 

This  last  material  offers  advantages  because  it 
has  a  similar  coefficient  oi  thermal  expansion  to 
the  optical  fibers.  On  the  same  process  an  inters 
titial  filling  compound  is  applied  to  protect  the 
cable  against  moisture  migration.  In  general 
these  jellies  permit  a  stress  tree  placement  of 
the  liber  and  a  longitudinal  water  tightness  on 
the  structure.  This  optical  cable  is  them  lapped 
with  a  longitudinal  polypropylene  tape  and  over 
this  an  inner  PE  jacket  is  extruded  to  bring  the 
tirst  mechanical  and  evironmental  protection  on 
the  core.  After  this  process,  a  longitudinal 
corrugated  steel  tape  is  applied  in  tandem  with 
the  outer  jacket  to  conform  the  finished  armored 
cable.  On  the  other  hand,  two  layers  of  a ram id 
yarns  are  applied  helically  to  reinforce  and 
support  strength  member  on  the  dielectric  cable, 
under  installation  conditions. 

This  material  was  chosen  primarily  because  it  is 
dielecrric,  but  also  it  exhibits  n  high  strength- 
to-  weight  rat  it),  and  low  elongation.  The  lav- 
length  has  been  calculated  to  ensure  that  when  the 
cable  is  subjected  to  a  tensile  load,  the  a  ram  id 
yarns  takes  this  load  instead  of  the  fibers' 


The  strength  member  limits  cable  elongation  to 
less  than  1  when  the  cables  is  subjected  to  a 
tensile  of  200  kg.  Finally  an  outer  PE  jacket  is 
extruded  to  finish  the  cable.  The  nominal  overall 
diameter  in  both  cases  is  15  mm.  The  armored  cable 
has  a  we  i  glit  of  20  3  Kg/km  and  the  dielectric  type 
has  on  1 v  145  Kg/Km.  A  cross  section  of  the  two 
cables  is  shown  in  figure  2. 

Cab  1  e  Mamn  ac  t  u  r  i  ng 

Special  techniques  and  process  sysu-s  were  emplo¬ 
yed  to  manulacture  these  cat»  1  es  ,  cons  i  de  r  ing  that 
is  very  important  to  handle  the  proper  amount  oi 
excess  fiber  relative  to  butter  tube  and  the  whole 
cable,  to  mantaiu  this  relationship  adecuate  becau 
se  the  cable  is  strained  by  tensile  or  contraction 
torces  nainlv  caused  bv  temperature  variations  all 
dav  along  the  route.  A  range  oi  lay  length  was 
chosen  to  establish  a  reasonable  level  of  stress 
which  the  liber  would  lie  allowed  to  sutler.  This 
is  because  shorter  lays  would  induce  too  much 
bending  stress  due  to  stranding. 

Also  the  inside  diameter  ol  the  butter  tube, 
outside  diameter  o i  the  liber,  the  radius  ol  the 
cable  core  and  t :  .*■  ran.u :  ac  t  u  r  i  ng  conditions  during 
process  must  :u-  considered  to  control  the  total 
percentage  et  excess  liber  length  on  the  cable. 
During  cabling,  a  j»o  ! propy  1  one  tape  was  longitudi. 
nallv  wraped  around  ti.c  cable  core  tv'  hold  the 
stranded  butler  tubes  in  place  lor  t he  inner 
jacketing  operation.  The  tape  also  prevents 
flowing  of  PK  jacket  in  the  cable  interstices 
that  would  make  finer  access  diliicult  on  the 
field,  and  works  as  a  t  herma  1  /moi  store  harrier  to 
protect  butler  tubes  along  the  process  and  during 
operation.  As  was  mentioned  earlier  a  proper 
stranding,  ol  the  a  ran;  id  varns  must  be  considered 
tv>  do  an  e  fleet  i  ve  work  on  the  installation  ol  the 
dielectric  structure.  In  the  case  or  the-  armored 
cable,  an  adequate  relationship  ol  cor  *‘uga  t  i  on.v  / 
inch  on  the  steel  tape  must  bo  determined  ,  sc'  it 
guarrantees  the  flexibility  and  the  elongation- 
contraction  l<  •rce*>  pert  ornance  suite  rev!  bv  the 
cable  during  its.  life  time. 

On  these  cables  po  1  vet  iiv  1  ene  jackets  were  used 
because  ol  their  good  crush  and  stress  -  cracking 
resistance  properties  and  their  proven  record  i or 
long  term  cable  protection.  Cor  this  project  a 
standard  2  Uni  -  length  on  product  ion  cables  was 
hand  led. 
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Fab It*  Test  Result* 

Several  tests  were  performed  on  single  mode 
optical  cables.  Optical  attenuation  and  OTDR 
tests  were  performed  100  at  each  manufacturing 
stage.  With  the  Spectral  Attenuation  System 
available  we  were  also  capable  of  measuring  the 
cut-ott  Wavelength  and  the  Mode  Field  Diameter. 
Some  mechanical  atui  environmental  properties  were 
veritied  hv  initial  design  qualification  and  by 
sampling  of  production  cables.  these  tests  ol' 
sample  cables  have  confirmed  their  ability  to 
perform  in  their  intended  environment.  Figure  1 
-ummari/es  the  various  tests  applied. 

(hiring  manufacture  of  the  cable  no  tendency  for 
m  ic  rt'bend  ine  edge  to  appear  as  a  result  of  the 
process  utilised  was  experimented. The  average 
attenuation  obtained  for  black  single  mode  fibers 
on  finished  cable  was  0.155  dB/km  at  1300  nm  with 
a  standard  deviation  of  0.027.  In  the  case  of  the 
white  fibers  the  average  attenuation  at  1300  nm 
was  P.  >51  dfi/Km  with  a  standard  deviation  of 
ii.nj.  I'iie  complete  data  of  both  single  mode 
fibers  is  summarized  in  Figure  4. 

FABLE  1NS1  AI.I.A1  ION  PRPFKDl'RES  ANT)  SPL1CIXC  TF.CHNl- 
q;  ■  cfii-iiiKD 


Jj  1st  a  1  l.u  ion  PI  ann  i  ng 

Field  experiences  to  handle  an  underground  cable 
installation  are  well  documented4'3  'hi  this 

.  basis,  the  first  step  was  the  inspection  of  all 

'  the  route  to  check  in  detail  any  variations  on 

direction  or  angles  that  would  submit  the  cable  to 
critical  tensile  loads.  Also  this  inspection 
allowed  to  consider  the  adequate  excess  length  of 
cable  to  leave  on  each  manhole,  the  proper  loca- 
t ion  for  the  splice  enclosures*  and  in  the  parti¬ 
cular  area  of  high  Electro-Magnetic  Interference, 
special  considerations  for  cable  protection 
against  rodents  attack  (see  Figures  5  and  b) . 

Manholes  Preparation  and  Innerducts  Accomodation 

file  manholes  selected  must  be  cleaned  and  prepared 
for  placement  of  plastic  innerducts,  cables  and 
enclosures  inside  them.  Although  not  necessary  to 
'  protect  the  cable,  the  use  of  25  mm  inner  diameter 

pi  astir  subducts  into  100  mm  normal  telephone 
ducts  has  become  a  common  practice  in  order  to 
have  maximum  duct  utilization.  In  our  case  1 

\ 

i 


innerducts  were  installed  using  only  one  of  them 
for  this  project  along  the  route.  To  avoid  any 
obstructions  on  the  ducts  steel  brushes  were  used 
to  clem  all  of  them  before  the  installation  of 
the  subducts  and  plastic  cap  ends. 

The  cap  ends  fix  the  position  of  the  innerducts 
along  the  route,  avoiding  mistakes  during  the  gui¬ 
de  of  cable  or  possible  damages  because  of  twis¬ 
ting  on  any  of  them.  Installation  of  subducts 
were  done  manually,  and  by  the  use  of  cable  pu¬ 
lling  machines.  Tn  the  last  case,  special  precau¬ 
tions  were  considered  to  avoid  any  critical  tensi¬ 
le  loads  that  could  collapse  the  innerducts.  Both 
ends  were  could  cut  sharply  and  well  cleaned  from 
any  excess  a  material  that  cause  excessive  fric¬ 
tions  on  cables  during  their  pulling.  Finally  the 
cap  ends  were  placed  on  the  ducts,  and  both  ends 
of  the  subducts  were  rounded  to  ease  the  guiding 
and  penetration.  No  special  lubricant  was  requi¬ 
red  for  low  friction  of  t he  cable  along  the  route 
(see  Figure  7,  8  and  9). 

Cah 1 e  Inst  a  1  la t ion 


After  the  proper  identification  of  the  innerduct 
to  be  used  each  monhole  the  cable  reel  was  placed 
at  an  intermediate  point  and  the  cable  pulled  into 
the  duct.  After  one  kilometer  length  was  introdu¬ 
ced,  t lie  remainder  of  the  cable  was  then  removed 
from  the  reel  and  "Figure  eighting"  was  applied. 
Finally  the  other  end  was  pulled  into  the  other 
duct.  That  was  important  to  reduce  the  load  nece- 
sary  for  installation  because  parts  of  the  route 
had  several  changes  of  direction  and  could  alter 
the  final  performance  of  the  cable.  This  method 
also  reduced  crew  size  and  the  amount  of  equipment 
required  (see  Figure  10). 

Because  a  Pulling  Eve  is  readily  attached  to  the 
strength  elements  of  the  optical  cable,  the  use  of 
a  Pulling  Rope,  which  will  not  stretch  during  the 
pull  was  suggested  (see  Figure  11).  Some  precau¬ 
tions  were  taken  to  avoid  internal  cuts  in 
subducts  witii  these  ropes.  Mechanical  Fuses  were 
fixed  to  the  Pulling  Eyes  of  about  100-150  Kg  and 
also  a  De tors ion  Device  to  protect  the  cable 
along  the  route.  In  the  interior  of  each  manhole 
several  plastic  fasten  belts  were  fixed  to  the 
wall  to  properly  accomodate  the  cable. 

The  operation  was  controlled  by  using  some 
"walkie-talkies"  where  the  reel  was  located  and  at 
different  points  of  the  route  inside  the  manholes. 
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Mainly,  the  placement  oi  the  cable  was  done  manua¬ 
lly,  but  in  parts  of  the  route  winches  were  utili¬ 
sed  to  accelerate  its  placing.  When  the  installa¬ 
tion  of  a  cable  was  finished,  both  ends  were 
covered  with  thermal  shrinkage  caps  to  eliminate 
moisture  migration  previous  to  splicing.  In  the 
particular  case  of  dielectric  cables  special 
"LEAD  SLEEVES"  were  used  to  protect  cable  ends 
between  the  output  of  the  innerduets  and  the  input 
of  each  splice  enclosure  from  the  attack  of 
rodents . 

After  installation  of  the  cable  the  average 
attenuation  on  black  fibers  was  0.3b9  dB/Km  at 
HOC  nm  with  a  standard  deviation  of  0.028,  and  in 
the  case  of  white  fibers  it  was  0.179  dB/Km  at 
1100  nm  with  a  standard  deviation  of  0.012. 

Testing  and  Splicing 

All  the  cables  installed  were  tested  for  attenua¬ 
tion  by  OTDR,  to  check  if  any  fiber  had  suffered 
damages  on  handling  (see  Figure  12).  After  this, 
both  cables  ends  were  prepared  for  jointing. 

The  fibers  were  spliced  using  an  Electric  -  Art- 
Fusion  Splicing  Machine  and  LID  technique.  All 
the  splices  were  done  on  a  Spec ia 1-Cond i t ioned  Van 
for  quality  assurance  of  the  process,  and  were 
verified  to  obtain  lower  loss  values  before 
termination  at  the  Splicing  Trays.  All  the  Splice 
Enclosures  were  a  double  entry  cap-ended  type  with 
cable  entry  at  one  end.  These  enclosures  were 
fixed  to  the  inner  wall  in  the  manhole  in  a  parti¬ 
cular  area  to  ease  identification  (see  Figure  1.1). 
At  the  Central  Office  the  terminal  Splice  Enclosu¬ 
res  were  prepared  to  join  cable  with  pigtails  that 
arrive  to  the  Fiber-Optic  Line  Terminal,  working 
at  140  Mb/s.  Here  the  same  technique  described 
above  was  used  except  for  fixing  the  Spli¬ 
ce  Enclosure  on  a  special  area  assigned  to  avoid 
any  abstruction  inside  the  Transmission  Line 
Equipment  Room  (see  Figure  14).  The  average  loss 
obtained  on  black  fibers  was  0.123  dB  with  a 
standard  deviation  of  0.053;  for  white  fibers  an 
average  loss  of  0.108  dB  with  a  atandnrd  deviation 
of  0.044  was  obtained.  The  distribution  of  the 
single  mode  fusion  splices  for  this  project  is 
shown  in  Figure  15. 

FINAL  TEST  PROCEDl'RES 


the  link  were  required  prior  to  start-up  the 
equipment.  These  tests  consisted  on  monitoring 
Ii't.il  Loss  a  i  the  link  with  OTDK  and  by  the  u-e  oi 
a  i  100  nm  Laser  source  on  one  end  and  an  optica! 
Power  Meter  on  the  other  to  measure  the  existing 
Total  Loss.  Both  methods  brought  us  accurate 
values  to  define  the  Dynamic  Range  .nailable  on 
the  route  (see  Figure  lb).  Considering  a  Kel  ere  :-cr 
Input  Power  of -2 J  dBm,  an  av  rage  Received  iVwt.-r 
oj-4  7.  )  dBm  was  obtained;  this  gave  average 
difference  oj-2h.5  dBm  tnat  covered  success!’ u  1  1 ’• 
Dynamic  Range  and  Bit  Error  Kate  expected  figures. 


CPNdi.rSIPNS 

The  experience  rained  from  manufacture  and  insta¬ 
llation  of  a  fiber  optic  cable  on  a  39  Km. 
route  gave  us  successiui  results  in  demonstrating 
the  technical  viability  and  economic  advantages 
of  the  technology  used  to  satisfy  actual  and  near 
future  demands  on  services  for  this  City  area. 

The  excellent  installed  Single  Mode  Cable  attenua¬ 
tion  at  1300  nm  wavelength  shows  the  posibility  o: 
using  armored  and  dielectric  optical  cables  for 
underground  applications  to  solve  any  E.-il  problems 
without  exposing  the  last  structure  to  rodents 
attacks  that  could  interrupt  communications 
between  both  cities.  The  optical  system  design 
applied  on  this  project  allows  maximum  repetears 
spacing  incurring  on  important  savings  costs  for 
the  total  Digital  Network  installed. 
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Procedure  for  the  Experimental  Determination  of  Friction  Coefficient 
Between  a  Cable  and  Duct 
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ABSTRACT 

The  tension  required  to  install  a  fiber  optic  cable  in  underground 
plant  depends  on  the  cable  route  geometry  and  the  friction  coefficient 
between  the  cable  and  duct  liner.  Installation  tension  can  be  reduced 
(permissible  cable  length  can  be  increased)  by  reducing  the  friction 
through  proper  choice  of  duct  liner  and  cable  lubricant.  This  paper 
describes  a  test  procedure  that  is  used  to  evaluate  cable  lubricants  and 
duct  liners  in  a  realistic  cable  placing  environment.  The  method  has 
also  been  used  to  study  the  effects  of  cable  pulling  speed  and 
clearance  between  a  cable  and  duct  liner.  In  the  procedure,  cable 
tension  is  repeatedly  and  simultaneously  measured  at  both  the 
entrance  and  exit  of  a  conduit  run  using  an  instrumented  sheave  and 
yoke  arrangement  in  the  pull  and  feed  manholes.  Data  acquisition 
and  analysis  are  automated  by  using  a  digital  voltmeter  and  a  desktop 
computer.  Since  the  conduit  between  the  entrance  and  exit  of  the  test 
section  is  occupied  only  by  cable,  the  moving  interface  between  the 
cable  and  winch  line  is  eliminated  along  with  the  attendant 
computational  complications.  One  value  of  friction  coefficient  is 
computed  from  each  corresponding  pair  of  tension  measurements. 
Because  of  the  stepwise  nature  of  tension  calculations,  a  closed  form 
solution  for  friction  coefficient  is  generally  not  available;  therefore, 
friction  coefficients  are  computed  numerically  using  the  Newton* 
Raphson  method.  Proper  application  of  test  results  will  enable  better 
predictions  of  cable  installation  tensions  in  underground  plant. 


BACKGROUND 

A  successful  fiber  optic  cable  installation  in  underground  plant 
requires  proper  selection  of  splice  locations  and  cable  installation 
techniques.  In  general,  the  cable  length  between  splices  is  selected  to 
be  as  long  as  possible  to  reduce  splice  loss  between  regenerator 
locations.  At  the  same  time,  the  splice  locations  must  be  chosen  so 
that  the  cable  installation  tension  does  not  exceed  recommended 
maximum  load  (tensile  load  rating  of  the  cable). 

Cable  installation  tension  depends  on  the  conduit  geometry  and 
the  friction  coefficient  between  the  cable  and  duct.  Given  a  fixed 
conduit  geometry,  permissible  cable  lengths  can  be  increased  by 
reducing  the  friction  coefficient  through  appropriate  choice  of  cable 
lubricant  and  duct  liner.1  Selection  of  cable  lubricant  and  duct  liner, 
as  well  as  accurate  prediction  of  cable  installation  tension,  requires 
testing  to  determine  the  friction  coefficient.  The  most  reliable  method 
of  determining  the  friction  coefficient  is  by  tension  measurement  of 
cable  pulls  in  conduit  runs  of  known  geometry. 

TEST  PROCEDURE 


Set-Up 

To  emulate  a  realistic  cable  placing  environment,  the  cable  is 
installed  in  an  underground  conduit  system  in  a  manner  similar  to 
that  used  by  a  telephone  line  crew.  The  conduit  system,  shown  in 
Figure  I,  is  a  14 1 -foot-long  U-shaped  section  of  four-inch  nominal- 
diameter  PVC  pipe.  The  conduit  geometry,  including  elevation 


Figure  I.  Plan  view  of  conduit  system  used  for  cable  installation  tests. 

This  particular  conduit  run  is  divided  into  fourteen 
sections:  two  horizontal  straight  sections,  six  grades,  two 
horizontal  bends,  and  four  vertical-plane  bends. 

changes,  was  carefully  surveyed  and  recorded  during  construction. 
The  U-shapcd  conduit  geometry  provides  a  convenient  tension 
multiplier  in  a  short  conduit  lest  section  because  cable  tension  is 
exponentially  related  to  the  total  angle  of  bend  in  the  conduit  section. 
Manholes  at  each  end  of  the  test  section  provide  access  to  the  conduit 
system.  Various  duct  liners  of  interest  arc  installed  into  the  four-inch 
duct,  and  fiber  optic  cable  is  subsequently  pulled  into  the  duct  liner. 
Cable  lubricant  is  applied  to  the  cable  in  a  typical  fashion. 

A  sketch  of  a  typical  test  set-up  is  shown  in  Figure  2.  The  cable 
reel  is  mounted  on  a  reel  carrier  and  is  positioned  at  the  feed 
manhole.  The  winch  is  positioned  about  fifty  feet  away  from  the  pull 
manhole.  The  winch  line  is  connected  to  the  end  of  the  cable,  and  the 
cable  is  pulled  through  the  duct  liner  to  the  pull  manhole.  Tension 
measurement  docs  no*  begin  until  the  leading  end  of  the  cable  is  out 
of  the  pull  manhole  and  has  passed  over  the  manhole  sheaves.  At  this 
point,  the  cable  is  pulled  towards  the  winch  truck  and  measurements 
begin.  Cable  tension  is  measured  simultaneously  at  both  the  feed  and 
pull  manholes  during  the  50-foot  pull.  An  example  plot  of  tension 
data  is  shown  in  Fijurc  3.  Because  the  duct  liner  is  occupied  only 
by  cable  during  these  measurements,  the  computational  and 
measurement  difficulties  that  arise  when  a  duct  liner  is  occupied  by 
both  cable  and  winch  line  arc  eliminated. 


I  The  term  duct  liner  is  a  generic  expression  Chat  describes  small  diameter  pipe  or 
tubing  placed  ins.de  conventional  underground  ducts  Several  duct  liners  can  be 
placed  inside  one  conventional  duct,  and  liber  optic  cables  arc  subsequent l>  placed 
inside  the  duct  liners 


International  Wire  &  Cable  Symposium  Proceedings  1987  557 


CABLE  REEL 


WINCH 


'777777/777777, 

y7//777W  ^7777777 

x  r 

CABLE 
TENSION  u 

i  r 

1  I 

BRIDGE 

FEED  MANHOLE 

T*f(T0.M> 

PULL  MANHOLE 

BALANCE/ 

amplifiers 

h  SCANNER/ 

FILTERS  DIGITAL 


D(qtaiR/  desktop 

VOLTMETER  COMPUTER 


Figure  2.  Set-up  used  for  the  cable  installation  test. 


Figure  S.  Data  acquisition  system. 


Figure  3.  Plot  of  cable  tension  and  tail  load  vs.  scan  number. 


Tension  Measurement  and  Data  Acquisition 

Simultaneous  measurements  of  cable  tensions  at  the  feed  and  pull 
manholes  arc  required  to  determine  the  friction  coefficient.  A  sketch 
of  the  tension  measurement  set-up  is  shown  in  Figure  4.  The  yoke  of 
the  cable  sheave  is  attached  to  telescopic  tubing,  which  in  turn  is 
pinned  to  the  wall  and  floor  of  the  manhole.  The  telescopic  tubing 
allows  accurate  horizontal  and  vertical  positioning  of  the  cable  sheave 
within  the  manhole.  A  load  cell  is  placed  in  the  horizontal  strut  to 
measure  the  reaction  on  the  strut.  Assuming  the  cable  behaves  like  a 
flexible  string,  and  bearing  friction  in  the  cable  sheave  is  negligible, 
then  the  measured  force  in  the  strut  is  equal  to  cable  tension. 


Figure  4.  Sketch  of  tension  measurement  set-up. 

Data  acquisition  is  automated  by  use  of  a  digital  voltmeter  and  a 
desktop  computer.  A  diagram  of  the  data  acquisition  system  is  shown 
in  Figure  5.  Cable  tension  at  the  feed  and  pull  manholes  is  measured 
simultaneously  at  a  sampling  interval  of  500  milliseconds.  Tension 


measurements  are  recorded  on  diskette  and  are  subsequently  used  in 
the  numerical  determination  of  friction  coefficient. 


DATA  ANALYSIS 

In  general,  the  tension.  7*.  required  to  pull  a  particular  cable  into 
a  particular  duct  run  is  a  function  of  two  variables,  namely,  the 
friction  coefficient,  m.  and  the  hold-back  force  or  tail  load,  To.  at  the 
feed  manhole: 


r-/<ro,M>.  (I) 

The  objective  of  the  cable  installation  test  is  to  determine  m  from 
Equation  I  using  the  measured  values  of  T  and  T0.  Except  in  trivial 
geometries  consisting  only  of  a  single  bend  or  a  succession  of  straight 
sections  and  grades,  a  closed  form  solution  for  m  does  not  exist. 
Instead,  a  is  determined  numerically  using  the  Newton- Raphson 
method.  The  Newton-Raphson  method  finds  the  value  of  m.  the  root, 
that  satisfies  Equation  J  expressed  in  the  form 

/(T*m)-T-  0.  (2) 


The  analysis  begins  with  a  guess  at  the  root,  e  g.,  m  -  m»  <i-o>.  and  the 
left-hand  side  of  Equation  2  is  evaluated  using  the  measured  values  of 
To  and  T.  If  the  first  guess  at  the  root  is  in  error  by  more  than  a 
specified  amount,  a  truncated  Taylor  series  expansion  is  used  to 
predict  a  new  value,  «q+i*  In  general,  each  new  value  is  determined 
by 


M,  +  |  -  M, 


/(To,  -  T 

/'(To,  Mi > 


(3) 


where  /'(T0,Mi)  denotes  df(Toji)/dn\mmmt.  Successive  approximations 
for  m  are  calculated  until  Equation  2  is  satisfied  within  specified 
limits. 


In  practice,  /(Tqji)  and  /'(T^)  are  computed  in  stepwise 
fashion  by  proceeding  section  by  section  through  the  entire  duct  run 
(feed  manhole  to  pull  manhole).  The  geometry  of  the  conduit  can  be 
divided  into  four  different  section  types:  horizontal  straight  sections, 
grades,  horizontal  bends,  and  vertical-plane  bends.  Each  section  type 
has  a  closed  form  solution  for  cable  tension  at  the  exit,  T/+ 1,  in  terms 
of  the  cable  tension  at  the  entrance,  T/. 

Tj*  -A(T,,m).  (4) 

where  the  subscript  k  -  1, 2, 3,4  refers  to  the  section  type,  j  —  0. 
designates  the  point  at  one  end  of  such  a  conduit  section  (numbered 
from  the  duct  entrance  in  the  feed  manhole),  and  n  is  the  number  of 
sections  making  up  tne  entire  duct  run.  For  use  in  Equation  3,  both 
fk  and  its  total  derivative  with  respect  to  m  are  needed  for  each 
section  type  k.  The  equations  governing  cable  tension  and  their 
derivatives  arc  shown  in  the  following  sections. 

Tension  Equations  and  Derivatives 

Horizontal  straight  sections  The  tension  required  to  pull  cable 
through  a  horizontal  straight  section11*  is  given  by 

T/+i  -  Tj  +  wl m  (5) 
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where  w  is  the  unit  weight  of  the  cable  and  /  is  the  length  of  the 
straight  duct  section.  Differentiating  with  respect  to  a  gives 


Grades. 


da 


da 


+  wl. 


For  grades,  cable  tension  is 

T,*,  —  Tj  +  w(xa  +  h) 


(6) 

(7) 


where  h  is  the  increase  in  elevation  within  the  section  and  x  is  the 
horizontal  projection  of  the  section  length  /  as  shown  in  Figure  6a. 


and 


-  wr0y/(Tj+\lwr)2  +  1. 

9a 


(13) 


After  substitution  in  the  chain  rule,  the  total  derivative  of  Equation  9 
is  given  by 


dTJ*'  -  n/Ti+i  +  (wr )! 


dT,!d* 


y/T2  +  (ht)2 


+  0 


(14) 


Vertical  plane  bends.  An  expression  for  cable  tension  in  a 
vertical-plane  bend  has  been  developed  by  A.  L.  Hale121, 


Tj+i  "  •  Tj 


+  wreosifij  -  sgn  r ) 
-  wrcosi(fj+\  —  It  sgn  r ) 


(15) 


where  0;  is  the  entrance  angle  and  \  is  the  exit  angle  of  the  bend 
measured  from  the  horizontal  (see  Figure  6c).  0  —  0/+1  -  fy, 
i  -  tan"V  and  sgn  r  —  ±  1  (+1  for  upward  bends,  —I  for 
downward  bends).  This  equation  is  valid  only  when  the  cable  remains 
in  contact  with  the  inside  wall  of  the  bend.  i.c.  when  T  >  wrcosS 
everywhere  within  the  bend.  In  the  test  facility,  the  maximum  radius 
of  vertical-plane  bends  is  15  feet,  and  the  maximum  cable  weight  is 
0.4  pounds/foot.  Since  cost?  <  1,  wrcos0  <  6  pounds.  During 
testing,  a  high  tail  load  is  placed  on  the  cable  at  the  pull  manhole: 
therefore,  the  assumption  that  T  >  6  pounds  everywhere  in  the  bend 
can  safely  be  made  and  Equation  IS  can  be  used  to  evaluate  cable 
tension. 


The  partial  derivatives  of  Equation  15  are  evaluated  as 
_  eM\ 

a  t, 


and  after  some  lengthy  mathematics. 


9U_ 

9a 


Tj  +  wr  cos  (0,-2^  sgn  r)  f#| 


(16) 


Figured.  Geometry  definitions  for  (a)  grades,  (b)  horizontal  bends. 

and  <c)  vertical-plane  bends  In  case  (c).  0,  and  0,  arc 
measured  from  the  forward  horizontal.  As  drawn  in  (c). 
both  Bj  and  0/>(  are  positive. 


The  derivative  is  given  by 


dT,,  1 

da 


da 


(8) 


Horizontal  plane  bends.  Cable  tension  for  the  horizontal  bend1'1  is 
expressed  as 


r;H  -  ht  sinh 


T, 

sinh-'— ■*-  +  ad 


(9) 


r  sgn  r) 


2kt  sgn  r  .  .  .  .  . 

- E_ —  sin(0,  +  |-2^  sgn  r). 

1+M 

Substitution  of  the  partial  derivatives  into  the  chain  rule  gives 


(17) 


dTj*i 

da 


dr, 

f 

d»  +  ' 

1  Tj  +  ht  cos  (0,-2^  sgn  r) 

Id! 


2n r  sgn  r  sjn(^_2^  sgn  r) 
I  +a 


where  r  is  the  radius  of  curvature  and  (i  is  the  angle  of  bend  in 
radians  as  shown  in  Figure  6b.  The  derivative  of  Equation  9  is 
evaluated  using  the  chain  rule.  In  general. 


dfk{T,.»)  8/,  dT,  (  8/, 

(10) 

da  9Tj  da  9a 

The  identity 

da 

cosh  U  —  -\/sinh2t/  +  1, 

(II) 

can  be  used  to  simplify  the  partial  derivatives  as  follows: 

if,  y/(.T,tl/wr)'-  +  1 
9Tl  y/iT,/wr)2  +  1 

(12) 

2kt  sgn  r 
\+a2 


sin(0/+|— 2^  sgn  r ) 


(18) 


The  above  expressions  are  used  in  the  data  analysis  program  to 
evaluate  Equation  3.  The  program  is  written  in  BASIC  for  a  desktop 
computer  system.  A  flow  chart  showing  the  program  logic  is  given  in 
Figure  7.  Two  data  files  are  required  by  the  program.  The  first  data 
file  contains  a  description  of  the  conduit  run  by  segment  type 
(straight,  grade,  or  horizontal  or  vertical  bend)  and  the  associated 
physical  parameters  (length,  slope,  angle  of  bend,  entrance  and  exit 
angles,  and  bend  radius).  The  second  data  file  contains  measured 
values  of  T0  and  T„  collected  during  the  test.  Cable  weight  is  entered 
into  the  program,  then  data  analysis  proceeds  automatically. 
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The  program  assumes  m  “  0.200  as  the  first  guess  of  the  root  for 
the  first  pair  of  tensions.  The  program  uses  this  value  stepping 
through  each  segment  of  the  conduit  geometry,  calculating  T}+\  and 
dTj+\/dn  for  each  segment,  until  the  final  cable  tension  and  its 
derivative  are  determined.  If  the  final  calculated  value  of  /(7\>.  m) 
does  not  satisfy  Equation  2  within  specified  limits,  a  new 
approximation  for  n  is  calculated  using  Equation  3,  and  the  process 
repeats.  After  a  few  iterations  in  this  loop.  Equation  2  will  be 
satisfied,  and  the  root  (^)  is  saved.  The  program  then  retrieves  the 
next  pair  of  measured  data,  and  calculates  a  corresponding  value  of  u 
starting  with  the  previous  root  as  the  first  guess.  Finally,  after  the 
tension  data  file  is  exhausted,  the  average  and  standard  deviation  of  u 
are  reported,  and  a  data  plot  of  ^  vs.  scan  number  is  generated.  An 
example  plot  is  shown  in  Figure  8  for  a  test  that  was  conducted 
without  lubricant  using  a  polyethylene-sheath  cable  and  a  smooth-wall 
polyethylene  duct  liner. 


CONT  NEXT 
COLUMN 


Figure  7.  Flowchart  for  data  analysis  program. 

The  Effect  of  Cable  Dynamics  on  the  Calculated  Values  of  Friction 
Coefficient 

Ideally,  u  is  expected  to  remain  constant  during  cable  placement. 
Figure  8.  however,  shows  that  regular  fluctuations  in  the  computed 
values  of  u  were  sometimes  observed.  These  fluctuations  result  from 
the  dynamic  motion  of  the  cable  during  installation.  The  following 
section  analyzes  the  cable  motion  and  its  effect  on  the  calculated 
values  of  p. 

Cable  motion  can  be  characterized  as  an  undamped  forced 
vibration  where  the  forcing  condition  is  due  to  Coulomb  friction.  A 
spring-mass  system  is  shown  in  Figure  9a.  The  winch  line  between 
the  pull  manhole  and  the  winch  is  the  dominant  spring  having  a 


spring  constant  k.  The  cable  is  considered  inextensible  and  is 
represented  by  the  mass  m.  The  analysis  is  simplified  by  considering 
motion  relative  to  the  winch  end  of  the  winch  line,  so  the  spring  is 
fixed  at  the  winch,  and  the  surface  is  moving  to  the  right  at  velocity 
V .  From  the  free  body  diagram  in  Figure  9b,  the  equation  of  motion 
is  written  as 

mx  +  kx  -  Ff  (x  <  V)  (19) 

where  x  is  the  displacement,  x  the  velocity,  and  x  the  acceleration  of 
the  mass,  Ff  is  the  magnitude  of  the  frictional  force,  and  V  is  the 
velocity  of  the  moving  surface. 


SCAN  NUMBER 


Figure  8.  Plot  of  friction  coefficient  vs.  scan  number. 
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Figure  9.  (a)  Spring-mass  system  (b)  free  body  diagram. 


In  this  case,  it  is  assumed  that  the  kinetic  frictional  force,  Fk.  is 
constant  (the  Coulomb  idealization).  For  the  constant  friction  force, 
the  response  of  the  mass  is  given  by  Vierck*'1 


■  si  no;../  +  .r„cosu)_/  + 


. . 


(20) 


where  and  x„  arc  the  initial  displacement  and  velocity  of  the  mass, 
o>„  is  the  natural  frequency  fk/m .  and  /  is  time.  The  velocity  and 
acceleration  of  the  mass  arc  determined  from  Equation  20. 


d.x  .  u>„ 

—r-  —  x,,cosw„t  —  x0u)-sinu>.f  +  — - —  smu>„r 
di  k 


(21) 


d*x 
X  "  dr 


-X.jU^SinoJflf  —  XflU^COSoJ*/  + 


■  cost*)  .t  (22) 


For  now,  it  is  assumed  that  the  maximum  static  frictional  force.  F,. 
and  the  kinetic  frictional  force,  F*.  are  equal.  It  is  also  assumed  that 
the  mass  is  initially  at  rest  relative  to  the  surface  (v„  -  V)  As  the 
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surface  moves  to  the  right,  the  spring  force  kx  increases  linearly.  The 
mass  begins  to  slide  when  the  spring  force  kx  -F,  —  Fk .  The  initial 
conditions  at  the  beginning  of  slippage  are  xu  -  Fk/k  and  x0  -»  V . 
Plots  of  displacement,  velocity,  and  acceleration  corresponding  to 
these  conditions  are  shown  in  Figures  lOa-c.  where  time  is  measured 


Figure  10.  Plots  of  displacement,  velocity,  and  acceleration  for  the 
case  Fs  —  Fk . 

from  the  instant  when  slippage  starts.  The  constant  velocity  of  the 
moving  surface  is  also  shown  in  Figure  10b.  Note  that  the  velocity  of 
the  mass  never  exceeds  the  velocity  of  the  surface;  therefore,  the 
condition  that  x  <  V  in  Equation  19  is  always  satisfied.2 

During  data  analysis,  n  is  determined  from  measured  values  of 
cable  tension  in  the  pull  manhole.  In  practice,  this  tension 
corresponds  to  the  spring  force  kx  in  the  model.  Equation  19, 
however,  shows  that  the  frictional  force  is  equal  to  the  sum  of  the 
spring  force  and  the  acceleration  term.  Since  the  acceleration  term  is 
neglected,  the  calculated  values  of  /i  will  be  in  error  by  an  amount 
proportional  to  the  acceleration  force.  Note,  however,  the  symmetric 
behavior  of  the  acceleration  curve  in  Figure  10c.  Since  the  average 
value  of  acceleration  is  zero,  the  average  contribution  of  the 
acceleration  term  to  the  frictional  force  is  zero.  Consequently,  the 
average  value  of  for  the  cable  pull  will  be  an  accurate  measure  of 
the  kinetic  friction  coefficient. 

Stick-slip  cable  motion.  Occasionally,  stick-slip  cable  motion  was 
experienced  during  the  cable  installation  test.  Since  the  equations 
used  to  determine  m  are  valid  only  when  the  cable  is  moving,  the 
effect  of  stick-slip  motion  on  the  test  results  is  of  interest.  As  in  the 
previous  case,  it  is  assumed  that  the  kinetic  friction  force  is  constant 
when  the  cable  is  sliding;  however,  it  is  now  assumed  that  the 
maximum  static  frictional  force  Fs  exceeds  the  kinetic  friction  force, 


2  Actually,  x  <  V  where  equality  holds  only  at  isolated  instants  at  the  peaks  of  the 
sinusoidal  motion. 


i.e.,  F,>Fk.  Whenever  the  mass  is  at  rest  relative  to  the  surface  it  is 
in  equilibrium,  so  that  x  —  0,  x  •  V,  and  the  (varying)  friction  force 
Ff  —  kx  <  F,.  When  Ff  reaches  its  maximum  value  (Ff  —  F,)%  the 
mass  begins  to  slide.  The  initial  conditions  at  the  beginning  of 
slippage  are  x0  -  Fjk  and  xQ  -  V .  During  the  interval  of  slippage. 
Fj  m  Fk  —  constant;  hence.  Equations  20-22  can  again  be  used  to 
determine  the  response  of  the  mass. 

Plots  of  displacement,  velocity,  and  acceleration  are  shown  in 
Figures  lla-c.  Again,  it  is  assumed  that  the  mass  is  initially  at  rest 
relative  to  the  surface  (the  cable  is  sticking).  As  the  surface  moves  to 
the  right,  the  spring  force  increases  linearly.  At  i  - 
kx  -  Ff  -  F,  and  the  mass  begins  to  slide.  Displacement  and 
velocity  arc  continuous,  but  Ff  drops  abruptly  to  the  kinetic  frictional 
force,  Fk ,  causing  a  discontinuity  in  x.  Throughout  the  slippage 
interval  Ff  remains  constant  at  Fk .  As  in  the  previous  case, 
displacement,  velocity,  and  acceleration  vary  sinusoidally  during  the 
slippage  interval.  At  t  -  /2,  the  velocity  of  the  mass  has  again 
become  equal  to  the  velocity  of  the  moving  surface.  The  mass  cannot 
acquire  a  velocity  greater  than  that  of  the  surface  because  the 
resulting  reversal  of  friction  force  and  acceleration  would  instantly 
reverse  the  slope  of  the  velocity  curve,  and  thus  the  velocity  would 
decrease  rather  than  exceed  that  of  the  surface.  Consequently  the 
mass  sticks  to  the  surface  and  equilibrium  is  resumed.  A  repetition  of 
the  cycle  begins  when  the  spring  forec  is  again  high  enough  to 
overcome  static  friction. 


x*o 


Figure  II.  Plots  of  displacement,  velocity,  and  acceleration  for  the 
case  Fs  >  Fk. 

As  previously  mentioned,  the  equations  used  to  determine  ^  (the 
kinetic  friction  coefficient  corresponding  to  the  friction  force  Fk  in  the 
model)  are  valid  only  when  the  cable  is  moving.  During  the  "stick" 
interval.  Figure  I  la  shows  that  the  displacement  is  symmetric  about 
x  —  Fk/k,  and  therefore,  the  spring  force  kx  is  symmetric  about  Fk. 
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As  a  result  of  this  symmetric  behavior  of  kx,  the  average  value  of  kx 
during  the  stick  interval  is  Fk  Consequently,  the  average  value  of  u 
during  the  stick  interval  is  an  accurate  measure  of  the  kinetic  friction 
coefficient  even  though  the  cable  has  stopped. 

The  Effect  of  Cable  Bending  Stiffness  on  Calculated  Values  of 
Friction  Coefficient 

A  reel  brake  was  used  on  the  cable  reel  at  the  feed  manhole  to 
apply  a  high  tail  load  during  the  cable  pull.  Figure  12  is  a  plot  of  m 


undulations,  force  the  duct  liner  to  lie  flat,  or  some  combination 
thereof.  A  detailed  discussion  of  these  interactions  is  beyond  the 
scope  of  this  paper.  Their  effect,  however,  is  to  create  localized  areas 
of  high  normal  force  at  the  regions  of  contact  between  the  cable  and 
duct  liner.  The  effect  on  apparent3  friction  coefficient  is  expected  to 
diminish  at  higher  cable  tension.  Therefore,  as  cable  tension  (tail 
load)  increases,  friction  coefficient  asymptotically  approaches  a 
constant  value  as  shown  in  Figure  12. 

APPLICATIONS 
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Figure  12.  Plot  showing  the  effect  of  tail  load  on  the  calculated 
values  of  friction  coefficient. 

versus  T0  for  a  cable  pull  where  T0  was  intentionally  increased  during 
the  pull.  As  can  be  seen,  u  decreases  as  T0  increases.  The  cause  of 
this  trend  is  not  fully  understood.  Cable  bending  stiffness,  however, 
can  be  used  to  suggest  two  hypotheses. 

Measurement  error.  During  the  previous  discussion  on  tension 
measurement,  it  was  presumed  that  the  cable  behaves  like  a  string. 
This  assumption  implies  that  the  cable  adjacent  to  the  dynamometer 
sheave  is  straight  as  shown  in  Figure  4,  and  that  the  measured 
reaction  in  the  horizontal  strut  is  equal  to  cable  tension.  For  a  real 
cable,  however,  the  cable  will  have  a  finite  curvature  that  depends 
both  on  cable  bending  stiffness  and  on  cable  tension,  and  this 
departure  from  the  ideal  case  will  induce  some  error  in  the  tension 
measurement  scheme. 

The  direction  and  magnitude  of  measurement  error  depends  on  the 
shape  of  the  cable  curvature  between  the  two  sheaves  in  the  feed 
manhole  (see  Figure  2).  In  the  present  case,  the  diameters  of  the 
upper  and  lower  cable  sheaves  are  not  equal;  hence  the  shape  of  the 
cable  curvature  between  the  two  sheaves  is  asymmetric  and  unknown, 
and  the  direction  and  magnitude  of  measurement  error  are 
indeterminate.  Cable  curvature  will  be  reduced,  however,  by  higher 
cable  tension.  Therefore,  it  is  reasonable  to  expect  the  calculated 
value  of  n  to  approach  a  limit  as  cable  tension  (tail  load)  increases. 

This  type  of  measurement  error  can  be  avoided  if  cable  curvature 
is  symmetric  between  the  two  cable  sheaves.  For  symmetry,  the 
diameters  of  the  two  sheaves  must  be  equal,  and  cable  tension  must 
be  high  enough  to  keep  the  cable  in  conformance  with  the  radius  of 
the  sheaves.  In  this  case,  free  body  analysis  shows  that  the  measured 
reaction  is  equal  to  the  cable  tension.  In  future  testing,  equal* 
diameter  sheaves  should  be  used. 

Duct  liner  undulations.  Experimental  studies  have  shown  that 
duct  liners  may  not  lie  flat  in  the  main  conduit,  but  may  have 
undulations  between  the  feed  and  pull  manholes.141  As  cable  is  pulled 
through  the  undulating  duct  liner,  it  may  either  conform  to  the 


The  testing  method  reported  herein  can  be  employed  in  a 
multitude  of  applications  of  which  two  of  the  more  obvious  are 
evaluation  of  cable  lubricants  and  duct  liners.  Comparisons  of  various 
cable  lubricants  and  duct  liners  can  be  made  to  determine  the  most 
favorable  combination  with  regard  to  friction  coefficient.  In  addition, 
this  procedure  has  also  been  used  to  determine  the  effect  of  pulling 
speed  on  friction  coefficient,  and  the  effect  of  clearance  between  a 
cable  and  duct  liner  on  apparent  friction  coefficient.  For  example. 
Figure  13  shows  boxplots'51  that  compare  the  resu'ts  of  three 
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Figure  13.  Boxplots  comparing  experimental  values  of  friction 
coefficients  for  three  cable  pulls  at  different  speeds. 

consecutive  cable  pulls  that  were  identical  except  for  pulling  speed. 
These  particular  tests  were  conducted  without  lubricant  using  a  V«- 
inch  polyethylene-sheath  cable  and  a  IVi-inch  smooth-wall 
polyethylene  duct  liner.  Reported  values  of  pulling  speed  are  average 
values  determined  from  the  time  it  took  to  pull  a  known  length  of 
cable.  As  can  be  seen,  u  decreases  with  increasing  pulling  speed. 
Note  that  this  effect  is  significant  and  it  must  be  accounted  for  during 
data  analysis,  otherwise,  it  may  erroneously  be  attributed  to  some 
other  test  variable  of  interest.  Therefore,  pulling  speed  should  be 
measured  and  maintained  at  a  value  that  is  similar  to  that  expected  in 
the  intended  application. 

Figure  14  shows  the  effect  of  clearance  between  a  cable  and  duct 
liner  on  friction  coefficient.  In  this  test,  the  y«-inch  polyethylene- 
sheath  cable  was  installed  into  1-,  l'/4-,  and  I  Vi-inch  nominal-diameter 
smooth-wall  po'yethylene  duct  liners.  As  can  be  seen,  apparent 
friction  coefficient  decreases  with  increasing  clearance.  As  a  rule  of 
thumb,  cable  diameter  should  not  exceed  two-thirds  of  the  inside- 
diameter  of  the  duct  liner. 


3  The  friction  coefficient  is  computed  on  the  basis  of  measured  friction  and  nominal 
normal-force  distributions  that  do  not  reflect  increases  due  to  the  effects  of  cable 
bending  stiffness,  therefore,  the  term  apparent  friction  coefficient  is  used  in 
conjunction  with  bending  stiffness  effects. 


562  International  Wire  &  Cable  Symposium  Proceedings  1987 


1  inch  1-1/4  inch  1-1/2  inch 

(100  fpm)  (90  fpm)  (94  fpm) 


NOMINAL  DIAMETER  OF  DUCT  LINER 
(CABLE  PULLING  SPEED) 

Figure  14.  Boxplots  showing  the  effect  of  clearance  on  the  friction 
coefficient  for  a  V4-inch  cable  and  various  duct  liners. 

SUMMARY  AND  CONCLUSION 

A  method  for  the  experimental  determination  of  the  kinetic 
friction  coefficient  between  a  cable  and  duct  has  been  presented. 
Friction  coefficients  are  determined  numerically  from  tension  data 
measured  simultaneously  in  pull  and  feed  manholes  during  cable  pulls 
in  conduit  of  known  geometry.  The  test  procedure  provides  a  means 
for  quantitative  comparisons  of  cable  lubricants  and  duct  liners. 
Because  of  the  nature  of  the  tests,  results  are  directly  applicable  for 
prediction  of  cable  installation  tension  in  underground  plant. 
Appropriate  selection  of  cable  lubricant  and  -duct  liner,  along  with 
more  accurate  predictions  of  cable  installation  tensions  will  help 
prevent  costly  installation  delays  and  reduce  the  potential  for  cable 
damage  in  the  field. 
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ABSTRACT 

When  the  wiring  pipe  lines  for  telephone  cables  which  are 
going  to  be  used  for  the  new  construction  of  networks  are 
quite  aged  since  installed,  it  is  required  to  do  any  type 
of  inside  inspection  before  cable  installation  works. 

We  succeeded  in  the  development  of  the  camera  system 
which  consists  of  the  black/white  tube  camera  with  optical 
fiber  signal  transmission  lines  in  the  form  of  rigid  rod 
coil  from  the  head  of  the  controller  to  realize  the  longer 
video  signal  transmission  and  easier  insertion  of  the  camera 
head  deeply  into  the  small  sized  long  pipe  line. 

The  newly  developed  color  camera  system  covering  50m  long 
is  also  reported. 

REQUIREMENTS 

When  the  wiring  pipe  lines  for  telephone  cables  are 
installed  under  the  ground  particularly  in  the  city  area, 
it  is  very  eonraon  that  the  more  lines  than  required  at 
that  moment  are  installed  and  then  will  be  used  afterwords 
when  necessary  for  the  network  expansion. 

The  demand  for  development  of  any  proper  tool  to  realize 
the  inside  inspection  of  such  long  pipes  as  250m  between 
manholes  and  to  reduce  the  installation  cost  of  the  new 
cable  by  shortening  the  working  time  had  been  very  strong, 
in  Japan. 

The  requ i remen ts  for  the  pipe  camera  system  for  such  uses 
are  the  followings  : 


■  The  high  resolution  for  good  cognition  of  the  inside 
surface  condition  of  the  pipes 

■  The  smaller  head  diameter  less  than  45im  for  the  small 
sized  pipes  such  as  80mm  dia. 

•  The  150m  reach  of  <amera  head  at  shortest 

•  Easier  insertion  and  manipulation 

DEVELOPMENT  OF  PIPE  CAMERA 

The  camera  type,  the  transmission  signal  line  and  the 
structure  of  camera  cable  were  studied  to  meet  the 
requirements  as  mentioned  above. 

The  black/wbite  tube  camera  with  high  resolution  of  600 
TV  lines  was  chosen  among  three  types  of  camera. 

The  tested  cameras  and  their  capability  checked  for  inside 
condition  of  pipes  by  means  of  the  camera  view  are  as 
fol lows. 

0  Types  of  cameras  tested 

a  Black/wbite  tube  camera  with  resolution  of  600  TV  lines 

b  Black/wbite  CCD  camera  with  high  resolution  of  240 
TV  lines 

c  Color  tube  camera  with  resolution  of  240  TV  line,s 

❖  Check  points  of  inside  surface  of  pipes 

•  breakage 

•  out  of  joint 

•  irregularity 

•  bending. 
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•  sharp  bending 

•  foreign  material 

•  corrosion 

•  through  hole 

•  crack 

The  optical  fibers  and  0/E  &  E/0  links  for  video  signal 
transmission  between  the  camera  head  and  its  controller 
located  at  the  manipulation  site  were  used,  which  made  it 
possible  to  realize  the  high  resolutional  image  trans¬ 
mission  for  the  distance  of  longer  than  180m. 

The  special  structure  of  cable  with  FRP  claddings  and  PE 
sheath  which  enables  to  be  inserted  into  the  long  distance 
inside  the  pipe  was  newly  developed  (see  Fig. 1)  and  tested 
for  the  pipe  of  several  materials  actually  in  the  field. 

(see  Fig. 2) 


Fig. 1  Cross  sectional  structure  of  camera  cable 


In  addition  to  the  black/white  camera  system  described 
so  far,  the  color  CCD  camera  system  for  50m  long  inspection 
which  can  be  used  for  such  a  small  piping  as  50mm  dia. 
with  one  point  of  90'  elbow  bending  was  developed,  being 
devised  for  the  good  RGB  signal  transmission  and  the  camera 
head  structure. 

The  total  inspection  system  for  pipe  lines  actually  used 
in  the  field  is  also  equipped  with  the  high-pressurized 
water  jet  system  developed  for  cleaning  the  foreign 
material  out  of  the  pipes. 


Conclusion 

The  specification  of  two  types  of  camera  system  developed 
for  telephone  pipe  inspection  is  described  on  the  table  1. 

The  systems  have  been  frequently  used  for  recent  expansion 
works  of  network  construction  in  Japan  and  highly  evaluated 
by  contractors  for  their  effects. 

The  systems  can  be  applicable  for  inspection  of  pipe  lines 
for  other  utilities  such  as  steams,  gas,  electrical  power 
line  and  sewage. 
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Fig. 2  Force  for  pushing  the  cable  obtained  by  field  test 
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Table  1.  The  specification  of  two  types  of  camera  system 


J  ITEM 

BLACK/WHITE  TUBE  CAMERA 

COLOR  CCD  CAMERA 

|  CAMERA  HEAD 

1 

|  -Type 

Black/White  tube  camera 

Color  CCD  camera 

j  •  Dimensions 

45mm  dia.  and  500mm  length 

34mn  dia.  and  520ran  length 

•  Resolution 

600  TV  lines 

240  TV  lines 

•  Viewing  angle 

70  degrees 

70  degrees 

CABLE 

•Signal  transmittion 

Optical  fiber  with  analog 

Coaxial  cable 

0/E  &  E/0  links 

•  Dimensions 

Diameter: 12. 5mm 

Diameter: 19.0mm 

Length  :  190m 

Length  :  50m 

Weight  :230kg/km 

Weight  :392kg/km 

CONTROLLER 

•  TV-Monitor 

12  inch -Black/White 

9  inch-Color  TV-Monitor 

TV-Moni tor 

•  VTR 

B  or  VHS  Method 

0  or  VHS  Method 

•  Video  Typewriter 

Characters  are  superimposed 

Characters  are  superimposed 

on  the  picture 

on  the  picture 

* 

MASAHIRO  NAKANO  joined 
Nippon  Telegraph  and  Tele 
phone  Corporation,  Japan  in 
1972. 

He  was  ago  engaged  in 
development  on  inspecting 
and  repairing  technologies 
for  underground  conduit  and 
is  now  engaged  in  develop¬ 
ment  on  seismic  measures 
for  outside  facilities. 

* 

YUGO  KAJ10  joined  Nippon 
Telegraph  and  Telephone 
Corporation,  Japan  in  1975. 

He  is  now  engaged  in 
development  on  inspecting 
and  repairing  technologies 
for  conduit  under  the 
ground  and  installed  on  a 
bridge. 


* 

HIDENOR!  H1N0  joined 
Nippon  Telegraph  and  Tel 
phone  Corporation,  Japan  in 
1980. 

He  was  ago  engaged  in 
development  on  inspecting 
and  repairing  technologies 
for  underground  conduit  and 
is  now  engaged  in  develop¬ 
ment  on  maintenance  system 
for  outside  faciliities. 


*  * 

MASAAKI  WAKAG1  joined  the 
ministry  of  PXT,  Japan  in 
1948  and  transfered  to  The 
Furukawa  Electric  Co., Ltd., 
Tokyo,  Japan  in  1969. 

He  has  been  engaged  in 
sale’s  engineering  servic 
of  teleconmunication  cable 
and  devices. 


$  $ 

TAKEO  SHIMIZU  joined  The 
Furukawa  Electric  Co., Ltd., 
Tokyo,  Japan  in  1981. 

He  has  been  engaged  in 
developing  fiber  optical 
devices. 


*  :  NTT  Tukuba  Engineering  Center,  Nippon 
Telegraph  and  Telephone  Corporation, 17-1, 
Hanabatake,  Oho-machi,  Tsukuba-gun,  Ibaraki, 
Japan 

*  *  :  The  Furukawa  Electric  Co.,  Ltd.,  Fiber 

Optics  &  Telecommunications  division,  5  19, 
Higasbiyawata,  Hiratsuka,  254,  Japan 


566  International  Wire  &  Cable  Symposium  Proceedings  1987 


F i Der /Met a  1 1 i c  Distribution  Plant  Concept 


F  .  J .  Mul 1 i n 
W .  C  .  Reed 

AT&T  Bell  Laboratories 
2000  Northeast  Expressway 
Norcross ,  Georgia  30071 

C .  Scho l 1 y 
AT&T  Technologies 
2000  Northeast  Expressway 
Norcross,  Georgia  30071 


Abstract 

The  Fiber/Metallic  Concept  C  FMC )  for 
design  of  local  buried  distribution  plant 
is  a  fiber’  complementary  alternative  to 
the  Serving  Area  Concept.  By  this  con¬ 
cept,  a  group  of  customer  service  cables 
are  linked  to  a  distribution  cable  at  a 
group  termination  point  thereby  avoiding 
buried  splices  and  cut-dead  ahead  media. 

The  rioer  Ready  Plant  employs  an  FMC 
architecture  to  be  positioned  to  expand 
its  capabilities  with  fiber-  in  a  few  years. 
Fiber  is  placed  as  part  of  the  new  Fiber/ 
Metallic  Distribution  Service  Cable,  but 
initial  ser  vice  is  provided  over*  copper. 
This  architecture  permits  major  fiber 
costs  to  be  deferred  while  the  finer-  plant 
is  extended  and  prepares  for  a  graceful 
transition  from  copper  to  fiber-  service. 

The  concept  may  be  advantageously 
applied  to  a  fiber-only  distribution  plant. 
Array  splicing  may  be  used  as  a  cost  effec¬ 
tive  means  of  splicing  the  grouped  service 
cables  to  distribution  cables.  Since  any 
combination  of  a  service  cable  fiber-  and  a 
distribution  cable  fiber-  is  a  path  to  a 
customer,  tne  fibers  may  be  randomly 
spliced  and  the  customer  may  then  be  iden¬ 
tified  by  an  automatic  number-  identifier 
at  the  home . 

Introduction 

A  local  distribution  plant  or  loop 
plant  connects  each  telephone  customer  to 
a  central  office.  In  a  typical  loop 
plant,  feeder  networks  fan  out  from  an 
office  into  serving  areas  or  200-900  homes. 
A  network  of  distribution  cables  distri¬ 
butes  telephone  services  in  a  serving  area. 
Each  customer-  premise  is  connected  to  the 
nearest  distribution  cable  through  a 
ser- vice  cable. 

The  loop  plant  for  copper  has  evolved 
to  provide  conductor  pair 3  to  meet  cus¬ 
tomer  demands  for  service  (See  Appendix  A). 
The  demands  progressed  from  party  Line  to 


private  line  to  enhanced  services  in  a 
relatively  short  time.  Older  generations 
of  plant  were  churned  to  meet  each  new 
generation  of  demands  causing  assignment 
problems  and  high  maintenance  and  oper¬ 
ating  costs.  Churning  related  troubles 
were  eliminated  by  the  Serving  Area 
Concept  (SAC)  type  plant  which  interfaces 
a  stable  feeder  network  with  a  stable 
distribution  network  through  an  assignment 
flexibility  point,  the  Serving  Area 
Interface  (SAI). 

Need  For  A  New  Concept 

The  design  of  local  fiber  distribution 
plant  will  be  more  strongly  influenced  by 
construction  and  maintenance  costs  than  by 
customer  demand  for  ser- vice.  The  wideband 
capability  of  one  or  two  single-mode 
fibers  permanently  assigned  to  each  sub¬ 
scriber  will  permit  service  upgrades  to  be 
done  electronically  without  disturbing  the 
plant.  . 

Unfortunately,  an  all-fiber  loop  plant 
awaits  the  arrival  of  the  fiber  network 
and  the  general  availability  of  end  point 
electronics.  Fiber  can  only  be  deployed 
today  if  initial  service  is  provided  over 
copper  pairs.  Nevertheless,  deployment 
must  start  now  to  position  fiber  for-  forth¬ 
coming  wideband  services,  to  avoid  tne 
high  costs  of  overlaying  fiber  on  existing 
copper  plant  in  established  neighborhoods 
and  to  prevent  delays  awaiting  recovery  of 
copper  plant  investment. 

The  Serving  Area  Concept  is  a  strong 
candidate  for  the  design  of  the  local 
fiber  distribution  plant.  It  has  been 
successfully  employed  for  many  years  for 
copper  plant  and  recently  for  fiber  plant 
in  a  few  showcase  communities. 

However,  the  Serving  Area  Concept  does 
impose  some  cost  penalties.  It  obviously 
Includes  a  number  of  splice  points,  each 
of  which  entails  substantial  labor  and 
material  costs  for  fiber  splicing  and 
which  historically  have  been  trouble 
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points.  Also,  as  the  distribution  network 
branches  downward  in  fiber  count,  fibers 
are  cut-dead  ahead  of  many  of  these  splice 
points  causing  about  a  third  of  the  fiber* 
footage  to  be  unused. 

An  alternate  concept  is  required  to 
avoid  the  SAC  cost  penalties,  to  encourage 
early  placement  of  fioer  to  the  home  with 
initial  service  over*  copper  pair’s,  and  to 
design  all  fioer*  plant. 

Fiber /Metallic  Concept 

The  Fiber/Metal  1 ic  Concept  ( FMC )  is 
now  proposed  for  local  buried  distribution 
plant  (See  Figure  1).  The  concept  may  be 
applied  to  serving  areas  which  typically 
have  200-900  homes  (same  as  SAC)  served 
through  a  centrally  located  remote  ter¬ 
minal  (RT)  or  serving  area  interface  (SAI). 
Along  a  center  Line  or  backbone  of  the  area 
are  placed  distribution  cables  to  connect 
the  R T / S  A I  to  group  termination  cabinets 
(GTCs).  Each  GTO  serves  a  cluster  of 
homes  in  residential  blocks  or  along  a 
street.  A  Network  Interface  Unit  (NIJ) 
for  each  home  connects  to  its  respective 
ST:  t  nr o  ugh  a  separate  distribution  ser¬ 
vice  cable  placed  in  a  common  trench  with 
other*  distribution  service  cables  along  * 
front  lot  or*  rear  lot  easement.  Except 
for*  plant  architecture,  implementation 
follows  ope rat ing  companies’  engineering, 
assignment  ,  cons t rue t i on  and  maintenance 
o  r’oeed  ur  es  , 


FIGURE  1  PERSPECTIVE  VIEW  OF  A  FMC  FBER  READY  PLANT 


The  concept  may  be  used  to  design 
copper* -  only,  copper /  fiber  or*  fiber -  only 
buried  distribution  plant  and  hence  is 
named  the  F i ber /Me t a 1 1  i c  Concept.  It  is 
not  applicable  to  aerial  plant  because  of 
the  undesirable  aesthetics  of  grouping 
multiple  aerial  cables  in  a  CTC.  It  is 
advantageous  to  the  introduction  of  fiber* 
into  the  copper  plant  of  today  and  to  the 
design  of  the  all  fiber*  plant  of  the 
f  u t  are. 


FMC  tor  Fiber  Keaoy  Plant 
De  sc  r i p  t i on 

A  FMC  plant  that  is  ready  to  expand 
its  capabilities  with  f  i  b e is  a  Fiber 
Ready  Plant  (See  Figure  1).  Each  customer* 
is  served  by  the  new  Fiber /Metallic 
Distribution  Service  Caole1  that  combines 
fiber’s  with  twisted  pairs  in  a  single 
package.  Initial  service  is  over*  tne 
copper  pairs  wnile  future  wideband  ser¬ 
vices  over*  fioer  awaits  t  h^  arrival  of  tn^ 
fiber*  network  and  the  general  availability 
of  associated  hardware  and  electronics. 

The  copper*  circuits  of  Fiber  Ready 
Plant  are  completed  between  tne  RT/SAI  and 
the  NIJ  of  each  home  during  initial  con¬ 
struction.  Pair  assignments  are  made  at 
the  RT/SAI  by  cross  connection  of  a  tradi¬ 
tional  copper  distribution  caole  serving  a 
3 TO  to  a  traditional  copper  feeder  cable. 
The  distribution  cable  pair’s  are  connected 
to  the  composite  distribution  service 
caole  pairs  on  binding  posts  in  the  GTC 
which  permit  maintenance  access  only  since 
assignments  are  made  at  the  RT/SAI.  Each 
service  cabl*  pair*  terminates  on  a  NIJ 
protector*  . 

The  fioer  circuits  of  Fioer  Ready 
Plant  are  not  completed  until  fiber  ser¬ 
vice  is  activated.  Fiber  to  each  home  is 
positioned  as  a  component  of  a  composite 
distribution  service  cable  and  the  fioer 
ends  are  stored  in  trays  in  the  NLU  of  the 
home  and  the  GTO.  A  conduit  is  placed 
between  the  RT/SAI  and  each  GTC  to  allow 
conventional  fioer  optic  distribution 
cable  to  be  placed  and  connected  at  a 
later  date.  This  allows  fiber*  cable, 
connector,  and  splicing  costs  to  be  de¬ 
fer*  red  until  required  for  fioer*  service. 

To  facilitate  completion  of  tne  fiber*  cir¬ 
cuit,  the  GTC  is  an  above-ground  cabinet. 

Installed  First  Cost  Comparisons 

Installed  first  costs  for*  local  buried 
distribution  plant  are  a  function  of  a 
large  number*  of  variables  which  include 
design  concept,  material  and  labor  costs, 
local  operating  company  practices,  plant 
topography,  soil  conditions  and  plant 
designer  preferences.  To  obtain  an  indi¬ 
cation  of  tne  cost  advantage  of  one  plant 
over  another*,  a  simple  distribution  plant 
model  was  employed  (See  Appendix  B). 

Installed  first  cost  comparisons  were 
made  of  Fiber  R^ady  Plant  to  S AS  type 
plant  with  co  pper  -  on  1  y  ,  copper*  buried 
jointly  with  fiber*  during  initial  construc¬ 
tion,  and  fiber  over*  laid  on  previously 
installed  copper.  To  minimize  variables 
all  metallic  circuits  to  customer*  premises 
consist  of  five  copper*  pairs  (t>  P )  and  all 
fiber*  circuits  consist  of  one  single  mode 
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fiber  (1  F).  The  results  are  presented  in 

Table  A  as  average  relative  costs  refer¬ 
enced  to  copper  plant  for  front  lot  and 
rear  lot  feeds. 


TABLE  A.  Average  Installed  First  Cost 
Comparisons  (Front  Lot  and 
Rear  Lot  Feed  )  * 


Type  Plant 


Relative  Cost 


SAC 

SAC 

SAC 


FMC 


FMC 


Copper  (5  P)  1.0 

Fiber  (1  F)  joint  2.1 

with  Copper’  (5  P). 

Fiber'  (1  F)  over-  2.7 

lay  on  Copper' 

( o  P ) ,  best  case  . 

Fiber  Ready  (1  F  1  .  ^ 

and  5  P ) ,  f i oer 
cost s  de f err ed . 

F i ber  Ready  (IF  1.9 

and  o  P )  ,  fioer 
connec t  ed  . 


*N0TE:  The  actual  cost  for*  rear  lot  feed 

is  about  80%  the  actual  cost  for 
front  lot  feed. 


These  tabulated  results  clearly  indi¬ 
cate  that  fiber  cannot  be  economically 
positioned  in  the  local  distribution  plant 
by  jointly  burying  copper'  and  fiber’  SAC 
distribution  networks  or'  overlaying  a  cop¬ 
per*  network  with  a  fiber'  network  at  a 
later’  date.  Indeed,  the  overlay  results 
assume  the  best  conditions  where  the  ori¬ 
ginal  copper  plant  is  not  damaged  during 
overlay  construct  ion  and  none  of  the  obsta¬ 
cles  to  direct  burial  of  plant,  usually 
found  in  established  neighborhoods,  are 
encountered  . 


The  results  show  that  Fiber  Ready 
Plant  is  a  promising  vehicle  for  position¬ 
ing  fiber  to  customer  premises .  In  addi¬ 
tion,  the  copper*  pair’  count  to  each  home 
for’  Fiber  Ready  Plant,  can  be  reduced  to 
the  lowest  practical  count  without  signifi¬ 
cantly  affecting  the  ultimate  capabilities 
of  the  Plant  thus  effecting  fur’ the r 
savings.  Table  b  tabulates  the  effect  of 
pair  count  on  relative  costs  for’  front  lot 
feed  and  rear  lot  feed,  respectively. 


Table  B.  Average  Installed  First  Cost 

Comparisons  (Front  and  Rear-  Lot 
Feed)*  V3.  Fiber  Ready  Pair 
Count 


Type 

Plant 

Relative  Cost 

SAC 

Copper  (5  P ) 

1  .  0 

FMC 

Fi ber  Ready  ( 1 
and  5  P )  fiber 
costs  deferred . 

F 

1  .  A 

FMC 

Fiber*  Ready  (1 
and  2  P ) , f i ber 
costs  deferred. 

F 

1  .  2 

FMC 

Fiber  Ready  (1 
and  8  P ) ,  f i ber 
connected  . 

F 

1  .  9 

FMC 

Fiber  Ready  (1 
and  2  P),  fiber 
connected  . 

F 

t  .  6 

*N0Tt : 

The  actual  cost 

for’ 

rear  lot  feed 

is  about  80%  the  actual  cost  for 
fr’on  tlot  feed. 


Operating  Company  Concerns  With  Fiber* 
Ready  Plant 


Operating  company  personnel  have  ex¬ 
pressed  concerns  over*  the  placement  of  the 
bundle  of  distribution  service  cables  in  a 
common  trench,  the  susceptibility  of  the 
bundled  cables  to  damage  and  the  resto¬ 
ration  of  damaged  distribution  service 
cables  . 

The  distribution  service  cables  may  be 
individually  placed  in  an  open  common 
trench  with  each  end  tagged  for  identifi¬ 
cation.  However,  a  factory  prepared  dis¬ 
tribution  service  harness  promises  to  be  a 
cost  effective  m^ans  of  placing  these 
cables  and  will  further'  lower  the  costs 
for  Fiber’  Ready  Plant. 

The  bundled  cables  are  susceptible  to 
dig  up  damage  like  all  buried  structures. 
However,  the  bundled  portion  is  placed 
along  an  engineer’ ed  utility  easement  which 
lower's  th®  possibility  of  damage. 
Historically,  most  dig  up  damage  occurs  in 
the  cable  run  from  the  property  line  to 
the  house.  The  bundle  has  the  additional 
advantages  that  it  does  not  look  like  a 
root  and  is  more  difficult  to  cut  than  a 
single  large  cable.  When  damage  does 
occur,  some  but  probably  not  all,  the 
cables  will  be  affected. 

Re  s  tor*  at.  ion  of  a  damaged  distribution 
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cable  is  accomplished  with  a  buried  repair 
closure  which  accommodates  both  copper  and 
fiber  splices.  If  a  number  of  cable.-  are 
cut,  the  segments  are  identified  and 
tagged  using  existing  copper  plant  test 
sets  and  identification  methods.  The 
pairs  and  fiber(s)  of  each  segment  are 
then  spliced  according  to  their  respective 
color  codes. 

FMC  For  Fiber-Only  Plant 
Description 

The  F i ber /Met a  1 1 i c  Concept  may  be 
applied  to  the  fiber-only  distribution 
plant  of  the  near  future.  Since  fiber  is 
the  only  media  serving  each  home,  service 
over  fiber  must  be  activated  initially. 

The  media  needs  of  a  home  can  be  served  by 
one  single  mode  fiber,  but  a  second  fiber 
may  be  required  to  accommodate  the  end 
point  electronics  or  by  the  operating  com¬ 
pany  as  a  spare. 

Installed  First  Cost  Comparison 

An  installed  first  cost  comparison  was 
made  of  FMC  type  fiber -only  distribution 
plant  against  SAC  type  plant.  The  FMC 
type  plant  employed  GTC's  housing  indivi¬ 
dual  fiber  splices.  The  SAC  type  plant 
was  also  built  with  individual  fiber 
splices.  The  results  are  presented  as 
relative  costs  referenced  to  SAC  type 
plant  in  Table  C  for  both  front  and  rear 
lot  feeds  . 

Table  C.  Average  Installed  First  Cost 

Comparisons  (Front  and  Rear  Lot 


TyPe 

Feed  )  * 

Plant 

Re  lat ive 

Cost 

SAC 

Fiber  (1 

F) 

1 . 0 

FMC 

Fiber  (1 

F) 

0.9 

*Not  e  : 

The  actual 

cost 

for  rear 

lot  feed 

is  about  801  the  actual  cost  for 
front  lot  f  eed  . 


which  include  billing,  banking,  meter 
reading,  and  mailing.  These  ANI's  will 
probably  be  sensed  and  identified  by  elec¬ 
tronics  in  the  RT  and  the  information  re¬ 
layed  to  data  collection  centers. 

The  combination  of  ANIs  and  FMC  plant 
could  eliminate  the  need  for  fiber  identi¬ 
fication  for  construction  or  maintenance 
splicing.  Any  fiber  coming  from  the  home 
could  be  randomly  spliced  to  any  fiber 
going  to  the  RT  and  be  properly  served  if 
the  RT  switching  function  was  directed  to 
find  and  memorize  the  position  of  each 
ANI . 

Summary 

The  Fi  ber' /Met  a  1 1  i  c  Concept  (FMC)  has 
been  presented  for  local  buried  distri¬ 
bution  plant  employing  fiber  or  copper/ 
fiber  media.  By  this  concept,  groups  of 
living  units  are  linked  to  distribution 
cables  at  a  group  termination  thereby 
avoiding  buried  splices  and  "cut  dead 
ahead"  fiber'  or  copper. 

Incorporation  of  the  new  composite 
cable  in  a  FMC  Fiber  Ready  Plant  encour¬ 
ages  early  placement  of  fiber  to  customer 
premises.  It  provides  initial  service 
over  copper  and  permits  major’  fiber  costs 
to  be  deferred  while  new  technology  is 
developed  and  fiber  plant  extended. 

The  FMC  fiber-only  plant  of  the  future 
may  be  constructed  with  array  connectors. 
Fibers  may  be  randomly  spliced  in  the  con¬ 
nectors  if  remote  terminal  switching  can 
be  directed  to  seek  an  automatic  number 
identifier  at  each  customer  premises. 

Reference 


1.  E.  R.  Campbell,  F.  J.  Mullin  and  W. 
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and  Distribution  Media,"  36th 
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Further  Advantages 

A  fiber-only  FMC  type  plant  has  addi¬ 
tional  advantages  which  result  from  the 
small  number s  of  fiber  required  to  each 
home  and  the  need  to  activate  the  fiber 
circuits  initially.  The  fibers  from  each 
home  may  be  grouped  in  array  connectors  at 
the  GTC  and  array  spliced  to  the  fiber 
backbone  distribution  cables.  The  GTC  may 
be  a  below  ground  closure  housed  in  a  hand 
ho  1°  to  permit  access  for  maintenance. 

Fiber  systems  of  the  future  will  proba¬ 
bly  require  an  automatic  number  identifier 
(ANI)  capability  at  each  home  for  customer 
identification  to  facilitate  services 
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APPENDIX  A.  EVOLUTION  OF  LOCAL  COPPER 
DISTRIBUTION  PLANT 

A .  Multiple  Fixed  Count  Concept 

The  multiple  fixed  count  concept  was 
formulated  to  employ  pulp  insulated,  lead 
sheathed  cable  In  the  local  distribution 
plant  and  to  meet  customer  demand  for  ser¬ 
vice.  The  cable  was  lashed  to  steel  sup¬ 
port  strands  suspended  between  poles. 
Splices  were  made  by  twisting  and  sleeving 
mating  conductors  and  were  enclosed  in 
wiped  lead  sleeves.  Cable  pairs  were 
available  for  service  at  binding  posts 
housed  in  pole-mounted  cable  terminals 
served  through  a  lead  sheathed  cable  stub 
which  was  spliced  to  selected  cable  pairs. 
Cable  pairs  appeared  at  several  locations 
to  provide  both  private  and  party  line 
service.  This  type  plant  met  the  needs  of 
the  nation  through  the  late  1950's  when 
1/2  the  U.S.  households  had  private  lines, 
1/4  had  party  lines  and  1/4  had  no  service 
at  all. 

B .  Ready  Access  Concept 

The  Ready  Access  Concept  followed  in 
the  early  1960's  to  employ  polyethylene 
insulated,  a  1 umi num / po 1  ye t hy 1 ene  sheathed 
cable  and  to  meet  the  increased  demand  for 
telephone  service.  Cables  were  lashed  or 
self-supported  in  aerial  plant  or  buried 
directly.  Splices  were  made  with  individ¬ 
ual  conductor  connectors  and  were  pro¬ 
tected  in  plastic  or  metal  closures.  All 
cable  pairs  were  exposed  and  available  for 
assignment  in  pole  mounted  terminals  or 
above  ground  pedestals. 

This  type  plant  was  easy  to  build  and 
assign  initial  service.  However,  the  in¬ 
creasing  demands  for  telephone  service, 
the  inward/outward  movement  of  service  and 
the  ease  in  changing  pair  assignments  led 
to  a  cable  pair  administration  problem. 
This  in  turn  greatly  increased  operating 
and  maintenance  costs. 

C .  Dedicated  Outside  Plant  Concept 

The  dedicated  outside  plant  concept 
was  intended  to  avoid  the  assignment  pro¬ 
blems  of  ready  access  plant  by  dedicating 
a  cable  pair  from  the  central  office  to 
each  living  unit.  The  cable  pair  was  as¬ 
signed  and  never  disconnected  except  by 
heat  coil  or  protector  removal  at  the  cen¬ 
tral  office  main  frame.  The  assignments 
were  recorded  in  ink  instead  of  pencil  a3 
used  earlier. 

The  almost  complete  lack  of  flexi¬ 
bility  in  cable  pair  movement  became  a 
problem  in  meeting  a  growing  and  changing 
demand  for  second  line  services. 
Craftpersons  were  forced  to  take  trouble 
causing  steps  to  move  cable  pair’s  to  pro¬ 
vide  this  service. 


D .  Serving  Area  Concept 

The  serving  area  concept  (SAC)  is  pre¬ 
sently  used  to  design  copper  residential 
distribution  plant.  An  area  defined  by 
natural  boundaries  is  served  through  one 
flexibility  point,  known  as  the  serving 
area  interface  (SAI),  to  provide  at  least 
two  copper  pairs  to  each  customer  living 
unit. 

In  a  typical  SAC  plant,  feeder  cable 
pairs  from  the  central  office  (CO)  termi¬ 
nate  at  the  SAI.  From  there,  distribution 
backbone  or  subfeeder  cables  are  extended 
along  an  area  centerline  or  backbone  to 
connect  front  or  rear  lot  distribution 
lateral  cables  extending  toward  customers 
premises.  The  backbone  cables  step  down¬ 
ward  in  size  away  from  the  SAI  to  minimize 
waste  due  to  cut-dead  ahead  pairs.  Once  a 
backbone  pair  is  cut  and  spliced  to  a  lat¬ 
eral  pair,  the  remainder  of  that  backbone 
pair  to  the  end  of  the  cable  ahead  of  the 
splice  point  is  unused.  Also,  in  each 
lateral  the  pairs  beyond  successive  ser¬ 
vice  cable  splice  points  are  unused.  The 
service  splice  points  are  protected  in  a 
buried  splice  closure  or  above-ground  ped¬ 
estals. 

Generally  1,2  to  1.5  feeder  pairs  from 
the  CO  are  terminated  in  the  SAI  to  serve 
the  2  dedicated  pairs  to  each  living  unit 
thus  minimizing  feeder  plant  investment. 
First  line  services  are  established  and 
never  disconnected.  Second  lines  are  con¬ 
nected  to  designated  feeder  pairs  as  sub¬ 
scribers  demands  change.  Changes  of  resi¬ 
dences  generate  a  great  deal  of  second 
line  activity  since  one  in  five  households 
in  the  U.S.  moves  each  year. 

APPENDIX  B.  First  Cost  Comparison  -  SAC 
vs  FMC 

A .  Distribution  Plant  Model 

A  simple  distribution  plant  model  was 
developed  to  compare  installed  first  costs 
of  FMC  plant  against  SAC  plant  from  the  RT 
or  SAI  connections  to  the  customer  NIU. 

It  permits  examination  of  copper-only, 
fiber-only,  joint  copper  and  fiber  (copper 
and  fiber  cable  in  a  common  trench)  or 
composite  dopper/fiber  plant  (copper  pairs 
and  fiber  in  a  common  cable). 

The  model  serving  area  resembles  a 
region  of  middle  to  high  income  family 
homes  and  consists  of  600  living  units  on 
200'  x  200'  lots  along  streets  with  60' 
right-of-ways  and  28'  wide  pavement.  The 
lots  are  arranged  in  20  lot  blocks.  The 
serving  RT  or  SAI  is  centered  in  the  area. 

The  various  plans  to  be  examined  fall 
into  two  categories,  the  traditional  SAC 
type  (see  Figure  B1)  and  the  new  FMC  type 
(see  Figure  B2).  Both  types  may  be  imple- 
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merited  as  either  front  lot  C  F  L )  or  rear 
lot  (RL)  feed  as  shown  in  the  figures. 

To  facilitate  comparison  of  installed 
first  cost  and  features,  the  number  of 
variables  between  various  plans  is  mini¬ 
mized.  All  metallic  circuits  to  sub¬ 
scriber  premises  consist  of  five  copper 
pairs  and  all  fiber  consist  of  one  single 
mode  fiber.  All  fiber  and  connections  are 
made  with  rotary  connectors.  All  copper 
and  fiber  circuits  entering  a  customer 
service  closure,  group  termination  cabi¬ 
net,  SAI  or  RT  are  terminated  except  for 
the  instance  where  installation  of  fiber 
cable  and  connection  of  fiber  is  delayed 
to  defer  costs.  All  lightguide  cables  are 
Lightpack®  cables.  All  splices  are 
buried. 

B .  Material  and  Labor  Cost  Items 

The  material  and  labor  cost  items  in¬ 
clude  prices,  contractor  charges  and  oper¬ 
ating  company  labor  costs.  Together  they 
yield  the  installed  first  cost  to  the  oper¬ 
ating  company  for  installing  a  particular 
type  of  distribution  plant.  The  items  and 
their  associated  unit  costs  are  explained 
below  . 

•  Trenching  and  Placing  One  Sheath 
FMC ■ SAC ) -  Contractor  charges  for 
service  trenches  (typically  A"  wide 
x  2*4"  deep),  lateral  and  backbone 
trenches  (typically  6"  to  8"  wide  x 
36"  deep),  and  the  placement  of  one 
sheath,  e.g.,  one  cable,  in  each 

t  rench  . 

•  Splice  Pits  (SAC)-  Contractor 
changes  for  digging  and  filling  in 
splice  pits  for  service  closures 
(typically  2'  x  A'  x  3'  deep)  and 
backbone  closures  (typically  A'  x  A' 
x  3 '  deep). 

•  Copper  (SAC)  -  Prices  for  nongopher 
service  wire  (0.100  pF/mi  )  and  ASP 
type  distribution  cable  for  laterals 
and  backbone;  contractor  charges  for 
placing  additional  cable  in  a  trench 
containing  one  cable;  labor  and  mate¬ 
rial  costs  for  service  termination 
splices  (2  service  wire/splice  for 

FL  or  A  service  wires/spice  for  RL) 
and  backbone  splices  (A  laterals/ 
splice)  including  connectors  and 
closures;  and  labor  costs  for  termi¬ 
nating  the  distribution  cables  in 
the  SAi  and  the  service  wires  in  the 
customer*  service  closure  to  a  pro¬ 
tector  or  network  interface  unit. 

•  Fiber  Only  (SAC)  -  Prices  for  buried 
fiber*  se’*vi  ce  cable  and  Lightpack® 
lateral  and  backbone  cables;  contrac¬ 
tor  charges  Tor  placing  additional 
cables  in  a  trench  containing  one 


cable;  labor  and  material  costs  for 
service  termination  splices  (2  fiber 
service  ca b 1 es / s p 1 i ce  for  FL  and  A 
fiber  service  cables/splice  for  RL) 
and  backbone  splices  (A  laterals/ 
splice)  including  rotary  connectors 
and  closures;  and  material  and  labor 
costs  for  terminating  the  distri¬ 
bution  cables  in  the  RT  and  the 
fiber  service  cable  in  customer  net¬ 
work  interface  units  with  rotary 
connectors. 

Copper  Joint  With  Fiber  (SAC)  - 
Costs  for  placing  additional  sheath 
resulting  from  the  joint  burial  of 
the  fiber  network  with  the  copper 
network . 

Fiber  Only  (FMC)  -  Prices  for  buried 
fiber  service  cable  and  Lightpack® 
backbone  cable;  contractor  charges 
for  placing  additional  sheath;  esti¬ 
mated  installed  cost  for*  group  ter* mi- 
nation  cabinet  and  material  and 
labor  costs  for  terminating  finer  in 
the  RT,  group  termination  cabinets, 
and  customer  network  interface 
units  . 

Fiber  Ready  (FMC)  -  Prices  for  non¬ 
gopher,  composite  distribution  ser¬ 
vice  cable,  ASP  copper  distribution 
cable  and  Lightpack®  cable;  contrac¬ 
tor  charges  for  placing  additional 
sheath;  estimated  installed  cost  Tor 
group  termination  cabinet;  and  labor 
and  material  costs  for  terminating 
copper  and  fiber  in  the  RT/SAI, 
group  termination  cabinets  and  cus¬ 
tomer  network  interface  units  using 
rotary  connectors. 

Fiber  Ready  (FMC),  Deferred  Cost 
Items  -  Material  and  labor*  charges 
for  installing  1"  conduit  to  permit 
later  installation  of  backbone  fiber 
cable;  price  for  Lightpack®  backbone 
cable  (deferred);  and  material  labor 
costs  for  terminating  the  fiber  in 
the  RT,  group  termination  cabinets, 
and  customer*  network  interface  units 
using  rotary  connectors  (all  de¬ 
ferred;. 


9 
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Summary 

Wire  insulated  with  polytetraf luoro- 
ethylene  (PTFE)  resins  are  used  in 
aerospace,  computer,  military  and 
industrial  electronics  and  other  demanding 
applications.  PTFE  resins  are  well  suited 
for  these  applications  due  to  their  unique 
balance  of  electrical,  thermal  and 
chemical  properties.  However,  distinct 
differences  among  PTFE  resins  do  affect 
processing  characteristics  and  end-use 
performance.  In  some  cases  for  example, 
PTFE  insulation  has  cracked  during  service 
due  to  improper  manufacturing  conditions 
or  improper  resin  selection.  The  combi¬ 
nation  of  processing  technique  and  resin 
properties  will  ultimately  determine  the 
quality  of  the  finished  wire  insulation. 
This  presentation  will  discuss  the  various 
methods  available  to  differentiate  among 
PTFE  resins.  Two  new  methods,  which 
directly  relate  to  the  stress-crack 
performance  of  the  material,  are 
presented.  In  addition,  these  tests  allow 
for  improved  sensitivity  over  current 
methods.  These  new  methods  can  improve  the 
resin  selection  criteria  to  meet  demanding 
end-use  requirements. 


Discussion 

Today,  many  types  of  PTFE  resins  are 
available.  A  number  of  physical  and 
electrical  properties  of  PTFE  resins  are 
generally  Similar.  These  properties 
include  outstanding  chemical  resistance, 
high-temperature  resistance,  low-flame  and 
low-smoke  properties,  excellent  dielectric 
properties,  outstanding  resistance  to 
weather,  anti-stick  characteristics  and 
high  purity.  However,  there  are  distinct 
differences  among  the  resins  that  will 
affect  their  processing  and  end-use 
performance  characteristics.  The  remainder 
of  this  paper  will  focus  on  resin 
selection  criteria  to  optimize  both 
processing  and  performance. 


Methods  of  Differentiation 

There  are  several  ways  to  differ¬ 
entiate  among  PTFE  fine  powder  resins. 

ASTM  D  1457-83  is  an  excellent  reference 
on  this  subject.  This  specification  covers 
six  types  of  PTFE  resins  generally  used 
for  compression  molding  ram  extrusion  or 
paste  extrusion  with  a  volatile  processing 
aid.  The  following  discussion  is  about 
resins  described  as  Type  III  in  ASTM  D 
1457-83. 

Type  III  resins  are  divided  into  four 
grades  by  characteristics  such  as: 
average  particle  size,  melting  peak 
temperature,  extrusion  pressure,  standard 
specific  gravity  (SSG) ,  tensile  strength 
and  elongation.  Additional  procedures  are 
provided  in  the  appendix  of  ASTM  D  1457-83 
for  further  characterization  of  the 
resins.  These  methods  include:  dimensional 
changes  during  molding  (shrinkage  and 
growth);  size  and  distribution  of  size  of 
particles  or  agglomerates;  yield  behavior 
and  tangent  modulus  at  rupture;  heats  of 
fusion  and  crystallization;  electrical 
properties;  and  tensile  creep. 

Each  grade  is  further  divided  into 
three  classes  to  indicate  performance  in 
the  test  for  extrusion  pressure.  The 
extrusion  pressure  ranges  are  listed  in 
Table  I. 


Table  I 


Extrusion 

Reduction 

Class 

Pressure  (psi) 

Ratio* 

A 

1,410  ±610 

100:1 

B 

3,500  ±1,500 

400:1 

C 

8,000  +3,000 

1,600:1 

♦Reduction  ratio  is  the  ratio  of  the 
cross-sectional  area  of  the  preform  to 
the  cross-sectional  area  of  the  die. 


International  Wire  &  Cable  Symposium  Proceedings  1987  575 


Choosing  the  proper  PTFE  resin  is  an 
important  consideration  for  manufacturers 
of  insulated  wire.  This  choice  is  governed 
by  the  available  processing  equipment,  the 
wire  construction  to  be  produced  and  the 
specific  end-use  requirements.  The  resin 
with  the  optimum  balance  of  properties 
will  provide  the  wire  processor  with 
efficiency  of  operation  while  maintaining 
the  highest  quality  insulated  wire. 

It  has  been  shown  that  processing 
efficiencies  can  be  derived  from  resins 
that  exhibit  better  lube  acceptance, 
broader  reduction-ratio  capabilities, 
lower  extrusion  pressure  at  high  reduction 
ratio,  narrower  extrusion  pressure  ranges 
and/or  faster  sintering  capabilities. 
Resins  with  better  lubricant  acceptance 
will  require  less  aging  time  before 
processing.  Broader  reduction  ratio 
capabilities  will  allow  the  use  of  a  resin 
in  a  wider  variety  of  wire  constructions. 
Resins  with  lower  extrusion  pressures  at 
high-reduction  ratios  may  allow  the  use  of 
larger  diameter  extrusion  barrels,  which 
will  yield  longer  runs  and  reduced  scrap. 
Resins  that  sinter  faster  will  allow 
higher  line  speeds  with  a  given  setup  for 
improved  productivity.  These  can  result  in 
reduced  fine  powder  inventory 
requirements . 

Along  with  processing  efficiencies,  a 
PTFE  resin  must  also  provide  a  finished 
insulation  that  meets  the  end-use 
performance  criteria.  Resin  properties 
already  identified  as  being  important  to 
end-use  characteristics,  such  as 
resistance  to  cracking,  include  molecular 
weight,  crystallinity  and  thermal 
stability.  Crystallinity  and  thermal 
stability  can  be  measured  using  test 
methods  specified  in  ASTM  D  1457-83. 

Standard  specific  gravity  is  a 
measure  of  resin  crystallinity.  ASTM  D 
1457-83  separates  Type  III  resins  into 
four  different  grades  with  varying  ranges 
for  SSG.  Grades  and  SSG  ranges  are  listed 
in  Table  II . 


Table  II 


Grade  Specific  Gravity 


1 

2.19 

-  2.24 

2 

2.14 

-  2.20 

3 

2.17 

-  2.23 

4 

2.14 

-  2.23 

The  results  of  MIT  flex  testing 
illustrate  the  dramatic  relationship  of 
SSG  to  mechanical  properties.  This  test 
measures  the.folding  endurance  of  a  5-mil 
film  sample.  The  commercial  resins 
available  for  wire  and  caule  span  a  wide 
range  in  crystallinity  (SSG  2.14  to  2.24). 
The  low  end  of  this  range  would  have  a 
flex  life  two  orders  of  magnitude  greater 
than  the  high  end. 

Thermal  instability  index  (Til)  is  a 
measure  of  molecular  weight  stability  at 
elevated  temperatures.  A  resin  with  higher 
Til  will  show  a  higher  degree  of  molecular 
weight  degradation  at  elevated 
temperatures.  The  decrease  in  molecular 
weight  is  reflected  by  an  increase  in 
crystallinity.  TII  measures  this  change  in 
resin  crystallinity  due  to  thermal 
exposure. 

The  TII  test  procedure  is  described 
in  ASTM  D  1457.  SSG  and  Extended  Specific 
Gravity  (ESG)  must  be  determined.  ESG 
specimens  are  sintered  similar  to  SSG 
specimens  except  that  the  hold  time  at 
380°C  is  360  minutes  versus  30  minutes  for 
SSG  specimens.  The  thermal  instability 
index  is  calculated  as  follows: 

TII  =  (ESG  -  SSG)  x  1000 

TII  is  not  used  to  differentiate 
among  PTFE  resins  in  the  present  ASTM 
specif ication .  ASTM  D  1457-83  specifies  a 
maximum  TII  of  50  for  all  PTFE  fine 
powders.  A  number  of  PTFE  resins  have  a 
TII  that  is  much  lower  than  50.  These 
resins  are  more  thermally  stable.  This 
stability  can  provide  an  important  benefit 
for  the  wire  manufacturer  and  end  user 
alike.  Often,  PTFE  insulated  wire  will 
encounter  additional  thermal  exposure 
during  secondary  manufacturing  operations, 
such  as  printing  and  stripping.  Resin  with 
a  lower  TII  (higher  thermal  stability) 
will  experience  less  molecular  weight 
degradation  due  to  the  additional  heat 
history.  This  will  provide  a  wire 
insulation  that  maintains  a  higher  level 
of  integrity. 

The  new  fine  powder  specification, 
which  will  replace  ASTM  D  1457-83, 
contains  proposals  for  new  classes  and 
grades  submitted  by  resin  manufacturers 
that  list  TII  maxima  of  15  to  50.  This 
change  will  enhance  resin  differentiation 
through  the  use  of  TII. 

New  Methods  of  Differentiation 

Improved  understanding  of  polymer 
fracture  mechanics  has  provided  additional 
techniques  to  differentiate  further  among 
PTFE  fine  powder  resins.  The  Crack 
Susceptibility  Index  (CSI)  technique  war- 
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presented  in  a  technical  paper  to  the  35th 
International  Wire  and  Cable  Symposium. 

CSI  measures  the  tendency  of  a  PTFE  resin 
to  form  voids  when  stressed  in  tension. 
Void  formation  has  been  suggested  as  a 
mechanism  in  the  stress, cracking  of 
different  polymers .  ' 4 ' 6 ' 7 ' 8 ,ID  Based 
on  this  mechanism,  there  are  two  stages  to 
crack  formation:  initiation  and 
propagation.  Once  a  critical  crack  size 
has  formed,  propagation  is  very  rapid. 
Therefore,  the  crack  formation  time  is 
controlled  by  crack  initiation.  One  of  the 
factors  affecting  crack  initiation  is  the 
tendency  of  a  resin  to  form  voids. 
Mechanical  stresses  over  a  long  period  of 
time  can  result  in  voids  in  some  polymers 
and  these  voids  can  eventually  lead  to 
cracks . 

The  CSI  technique  was  described  in 
the  technical  paper  entitled  "PTFE  Resin 
Selection  for  High  Performance  Wire  and 
Cable."  By  stretching  test  specimens  at 
high  strain  rates,  microvoids  are 
nucleated  throughout  the  specimen. 
Specimens  of  compression  molded  resin  are 
stretched  to  break  on  a  tensile  testing 
machine.  The  change  in  specific  gravity 
between  the  unstrained  and  the  strained 
specimen  is  a  measure  of  the  void 
formation  in  the  resin.  Percent  voids  is 
calculated  as  follows: 

%  Voids  =  (unstrained  SG-strained  SG) 


unstrained  SG  x  100 

The  difference  between  unstrained  and 
strained  specific  gravity  is  multiplied  by 
1000,  as  in  the  Til  test,  to  yield  a 
measure  we  termed  the  Crack  Susceptibility 
Index  (CSI).  The  equation  is  as  follows: 

CSI  =  (unstrained  SG  -  strained  SG)  x  1000 

Increasing  CSI  denotes  an  increased 
tendency  for  void  formation. 

CSI  has  been  renamed  Stretching  Void 
Index  (SVI)  by  the  ASTM  subcommittee  that 
is  responsible  for  revising  ASTM  D  1457-83 
to  better  reflect  what  is  actually  being 
measured  in  the  test.  Additional  resin 
classifications  have  been  submitted  with 
maximum  SVI  levels  to  improve  further 
resin  differentiation  in  the  new  PTFE  fine 
powder  specification  that  will  replace 
ASTM  D  1457-83. 

The  SVI  test  offers  a  much  wider 
scale  for  comparing  different  PTFE  resins 
than  SSG  or  Til  techniques.  The  SSG  range 
(2.13  to  2.24)  covered  by  ASTM  D  1457-83 
is  only  110  units  (Specific  Gravity  Units 
x  1000)  wide.  The  TII  scale  presently  has 
an  upper  limit  of  50  for  all  classifi¬ 
cations.  SVI  offers  a  scale  of  more  than 
400  units.  The  Stretching  Void  Index  was 


measured  for  a  number  of  PTFE  fine  powder 
resins  to  illustrate  the  broad  scale  of 
differentiation  offered  by  this  test. 
Twelve  resins  made  by  five  different 
manufacturers  were  compared.  All  of  these 
resins  were  Type  III  as  defined  by  ASTM  D 
1457-83.  The  specific  gravity  (SG),  SG  at 
break,  SVI  and  percent  voids  are  listed  in 
Table  III. 


Table  III 


Resin  SG  SG  at  Break 

SVI  % 

Voids 

A 

2.151 

2.140 

11 

0.5 

B 

2.148 

2.079 

69 

3.2 

C 

2.168 

2.087 

81 

3.7 

D 

2.178 

2.072 

106 

4.9 

E 

2.184 

2.064 

120 

5.5 

F 

2.178 

2.031 

147 

6.7 

G 

2.163 

1.957 

205 

9.5 

H 

2.158 

1.952 

206 

9.5 

I 

2.182 

1.947 

235 

10.8 

J 

2.177 

1.921 

256 

11.8 

K 

2.194 

1.923 

271 

12.3 

L 

2.200 

1.808 

393 

17.8 

Additional 

refinements 

to  the 

SVI 

test  were  explored  to  further  improve  its 
ability  to  differentiate  among  PTFE  fine 
powders.  The  original  SVI  test  only 
included  a  mechanical  stress  component  to 
differentiate  among  resins.  To  combine 
thermal  stability  and  mechnical  stress, 
the  SVI  test  was  performed  in  combination 
with  the  TII  test.  We  have  called  this  new 
technique  the  Thermal  Stretching  Void 
Index  (TSVI )  test.  It  was  found  that  TSVI 
offers  an  even  larger  scale  for  comparison 
of  PTFE  fine  powder  resins. 

Specimens  for  SVI  measurement  are 
sintered  using  an  SSG  temperature  cycle 
described  in  ASTM  D  1457-83.  The  hold  time 
in  the  SSG  cycle  is  30  minutes  at  380°C. 

By  using  the  longer  TII  temperature  cycle 
(hold  time  of  360  minutes  at  380°C) ,  the 
thermal  stress  on  the  TSVI  test  specimens 
is  significantly  increased. 

TSVI  specimens  are  stretched  to  break 
on  a  tensile  testing  machine  as  in  the 
original  SVI  test.  The  change  in  specific 
gravity  between  the  unstrained  and  the 
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strained  specimen  is  a  measure  of  the  void 
formation  in  the  resin.  Percent  voids  is 
calculated  as  in  the  SVI  test.  The 
equation  is  listed  below: 

%  Voids  =  (unstrained  SG  -  strained  SG) 


unstrained  SG  x  100 


The  difference  between  unstrained  and 
strained  specific  gravity  is  multiplied  by 
1000,  as  in  the  TII  and  SVI  tests,  to 
yield  the  measure  we  termed  the  Thermal 
Stretching  Void  Index  (TSVI) .  The  equation 
is  as  follows: 

TSVI*  =  (unstrained  SG  -  strained  SG)  x  1000 

*  Specimens  are  prepared  using  the  TII 
temperature  cycle.  The  test  procedure  is 
listed  in  the  Appendix. 


The  TSVI  of  specimens  prepared  in 
this  manner  is  considerably  higher  than 
the  SVI.  The  range  of  values  obtained  by 
the  TSVI  test  is  approximately  twice  as 
large  as  that  of  the  SVI  test. 

Table  IV  shows  SVI  results  for 
several  more  fine  powder  resins.  Specific 
Gravity  (SG) ,  strained  SG  (SG  @  Break)  and 
percent  voids  are  also  listed. 


Table  IV 


Resin 

SSG 

SG  at  Break 

SVI 

%  Voids 

A 

2.152 

2.141 

11 

0.5 

B 

2.156 

2.110 

46 

2.1 

C 

2.177 

2.035 

142 

6.5 

D 

2.175 

2.088 

87 

4.0 

E 

2.184 

2.044 

140 

6.4 

F 

2.177 

1.919 

258 

11.8 

G 

2.213 

1.813 

400 

18.1 

TSVI  test  results  are  shown  in 
Table  V  for  these  same  resins.  The  SG  of 
the  TII  chip,  strained  SG  (SG  @  Break)  and 
percent  voids  are  also  listed.  As  can  be 
seen,  the  TSVI  range  of  values  is 
approximately  twice  as  large  as  that  of 
the  SVI  range. 

Table  VI  contains  the  SSG,  TII,  SVI 
and  TSVI  results  for  the  resins  shown  in 
Tables  IV  and  V.  The  higher  TSVI  indices 


are  a  result  of  the  higher  crystallinity 
of  the  specimen  on  extended  thermal 
treatment.  Resins  that  degrade  the  most 
have  higher  crystallinity  and, 
consequently,  a  larger  increase  in  the 
TSVI  test.  This  can  be  seen  by  comparing 
the  SVI,  TII  and  TSVI.  Resin  C  with  an  SSG 
of  2.177  has  an  SVI  comparable  to  Resin  E. 
However,  the  higher  TII  of  resin  E  is 
reflected  in  its  much  higher  TSVI  compared 


with 

Resin  C. 

Table  V 

SG 

SG  at  Break 

Resin 

(TII  chip) 

(TII  chip) 

TSVI 

%  Voids 

A 

2.156 

2.134 

22 

1.0 

B 

2.171 

2.098 

73 

3.4 

C 

2.188 

1.992 

196 

8.9 

D 

2.191 

1.983 

208 

9.5 

E 

2.226 

1.582 

644 

28.9 

F 

2.229 

1.682 

547 

24.5 

G 

2.246 

1.322 

924 

41.1 

Table  VI 

Resin 

SSG 

TII 

SVI 

TSVI 

A 

2.152 

4 

11 

22 

B 

2.156 

15 

46 

73 

C 

2.177 

11 

142 

196 

D 

2.175 

16 

87 

208 

E 

2.184 

42 

140 

644 

F 

2.177 

52 

258 

547 

G 

2.213 

33 

400 

924 

Results  in  the  SVI  and  TSVI  tests 
demonstrate  the  expanded  scales  these 
techniques  offer  for  comparing  different 
PTFE  resins.  The  TSVI  test  offers  a  scale 
greater  than  900  units. 
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Conclusion 

Better  methods  for  differentiating 
among  PTFE  resins  will  help  wire 
manufacturers  and  end  users  select  resins 
that  are  best  suited  to  their  particular 
needs.  PTFE  resins  with  lower  TII  can 
withstand  temperature  extremes  with  less 
molecular  weight  degradation.  Resins  with 
low  SVI  will  experience  less  void 
formation  when  stressed.  A  low  TSVI  index 
indicates  that  a  resin  offers  a 
combination  of  thermal  stability  and 
higher  resistance  to  void  formation.  These 
types  of  resins  should  be  better  suited 
for  applications  where  mechanical  and/or 
thermal  stresses  on  wire  insulations  are 
of  greater  concern.  The  TSVI  measurement 
combines  TII  and  SVI  techniques  to 
effectively  dif ferentiate  among  PTFE  fine 
powder  resins. 
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Appendix 


Test 

Determination  of  Thermal  Stretching 
Void  Index  (TSVI) 

Apparatus 

1.  Hydraulic  Press 

2.  Temperature  Programmed  Oven 

3.  Tensile  Testing  Machine 


Procedure 

1.  The  die  shown  in  Figure  1  of  ASTM  D 
1457  shall  be  used  for  the  molding  of 
test  specimens.  Place  flat  aluminum 
disks,  0.08-  to  0.38-mm.  (3-  to 
15-mils)  thick  and  76  mm  (3  in.)  in 
diameter,  on  both  sides  of  the  resin. 
The  test  resin  should  be  near  ambient 
temperature  prior  to  molding. 

2.  Screen  29  grams  of  PTFE  resin  through 
a  No.  10  sieve  into  the  die.  Adjust 
the  lower  plug  so  that  the  resin  can 
be  leveled  by  drawing  a  straightedge 
in  contact  with  and  across  the  top  of 
the  die  cavity.  Insert  the  die  in  a 
suitable  hydraulic  press  and  apply 
pressure  gradually  (500  psi/min) 
until  a  pressure  of  6.9  MPa  (1000 
psi)  is  attained.  Hold  this  pressure 
for  2  min.,  then  increase  the 
pressure  to  13.8  MPa  (2000  psi)  and 
hold  for  an  additional  2  min.  Remove 
the  disk  from  the  die. 

3.  Sinter  tne  compression  molded  disk  in 
a  temperature  programmed  oven 
according  to  the  TII  temperature 
cycle  stated  in  ASTM  D  1457-83, 
Procedure  F,  Table  III. 

4.  Remove  all  flash  from  those  portions 
of  these  specimens  that  will  be  used 
for  determination  of  specific 
gravities  so  that  no  air  bubbles  will 
cling  to  their  edges  when  the 
specimens  are  immersed  in  liquid 
during  these  tests. 


International  Wire  &  Cable  Symposium  Proceedings  1987  579 


5. 


Determine  the  specific  gravity  of  the 
samples  prepared  above  as  per  ASTM  D 
792.  This  is  the  unstrained  specific 
gravity  of  the  sample. 

6.  Cut  tensile  specimens  from  the 
sintered  disk  using  the  microtensile 
die  shown  in  Figure  14  of  ASTM  D 
1457-83. 

7.  Clamp  the  specimen  in  a  tensile 
testing  machine,  with  essential  equal 
lengths  in  each  jaw.  The  initial  jaw 
separation  shall  be  12.7  +0.13  mm 
(0.5  ±0.005  in.)  . 

8.  Strain  the  specimen  at  a  constant 
rate  of  5.08  mm  (0.2  in.)  per  min. 
until  it  breaks.  This  strain  rate  and 
initial  jaw  separation  yield  a  strain 
rate  of  40%/min.,  based  on  the 
original  gauge  length  of  the 
specimen.  If  elongation  at  break  is 
less  than  500%,  discard  the  result 
and  repeat  this  step. 

9.  Cut  off  a  portion  of  the  stretched 
part  of  the  specimen.  Determine, 
according  to  ASTM  D  792,  the  specific 
gravity  of  this  strained  specimen 
(Strained  SG  or  SG  at  Break).  Care 
should  be  exercised  to  avoid  air 
bubbles  on  the  surface  when  measuring 
weights  in  water. 

10.  Calculate  percent  voids  as  follows: 

%  voids  =  (unstrained  SG  -  SG  at  break) 


unstrained  SG  x  100 


11.  Calculate  the  Thermal  Stretching  Void 
Index  (TSVI )  as  follows: 

TSVI  =  (unstrained  SG  -  SG  at  break)  x  1000 
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CHARACTERIZATION  of  POLYOLEFIN  MATERIALS  USED  AS  TELECOMMUNICATION  CABLE  JACKETS 
BASED  ON  THEIR  TOUGHNESS  RF1.ATED  PROPERTIES 


V TENET-  B.  MASCAREKPAS 


WILLIAM  H.  ENGLEHART 


INSULATFP  CABLE  ENGINEERS  ASSOCIATION,  P.O,  BOX  P ,  SOUTH  YARMOUTH,  MASS.  0 2664 

ABSTRACT  INTRODUCTION 


The  prime  interest  was  to  arrive  at  a  relationship 
between  material1 s  physical  properties,  the  cable 
jacket  thickness,  and  the  ability  cf  the  cable 
jacket  to  survive  the  hazards  of  installation. 
The  first  step  was  to  characterize  various  poly¬ 
ethylene  jacket  materials  by  varying  degrees  of 
density  and  types,  to  be  followed  ty  evaluation  of 
cable  jacket  performance  and  the  recommendations 
of  appropriate  thickness  dependent  or.  material 
properties, 

Luting  the  first  stage  of  the  study  twelve  diffe¬ 
rent  materials  were  evaluated  and  characterized 
using  the  following  parameters:  density,  melt 
flow  index,  ter.sile  strength  at  yield  (at  three 
temperatures) ,  yield  elongation  (at  three  diff¬ 
erent  temperatures) ,  tensile  at  break,  elongation 
at  Freak,  modulus  of  elasticity  (at  three  diff¬ 
erent  temperatures) ,  thermal  analysis  (peak  melt, 
crystallinity,  heat  of  melting,  heat  at  crysta¬ 
llization),  abrasion  resistance,  notched  low 
temperature  brittleness  and  compression  cut- 
rhrough  resistance. 

The  material  properties  were  analyzed  by  grouping 
them  by  density  and  by  type.  Then  each  group  and 
type  were  characterized  by  their  respective  per¬ 
formance  in  each  testing  parameter.  This  was  done 
in  spread  sheet  form  so  that  quick  comparison 
between  groups  and  types  could  be  done.  Addi¬ 
tionally,  the  results  were  graphically  assembled 
to  enhance  the  comparison  capability.  These 
techniques  allow  for  easy  determination  of  trends 
within  each  group  and  type  depending  on  which 
physical  parameter  is  being  evaluated.  The 
conclusion  drawn  from  these  analysis  were  compared 
to  existing  explanations  of  material  performance. 
Wheic  discrepancies  existed,  attempts  were  made  to 
clarify  the  measured  performance.  Results  are 
presented  with  recommendations  for  rating  the 
different  materials  for  further  performance 
studies. 

All  of  the  information  presented  is  the  product  of 
the  activity  under  Working  Group  592  ar.d  their 
point  of  view.  It  does  not  represent  an  official 
ICEA  position  on  any  aspects  of  this  study. 


The  first  line  of  protection  to  any  outside  plant 
communications  cable  is  its  jacket.  Once 
penetrated,  the  inner  components  are  exposed  to 
conditions  that  can  deteriorate  the  electrical 
and  physical  performance  of  the  cable. 
Preservation  of  the  jacket  integrity  is  a  prime 
concern  in  the  development  of  a  cable  design. 
This  concern  is  evident  in  the  various  physical 
performance  requirements  placed  on  the  cable  to 
insure  that  the  jacket  will  remain  intact 
throughout  the  cable's  installation  and  service 
life.  Cable  bend,  low  temperature  fracture  and 
impact  testing  arc  just  a  few  examples  of  these 
requirements  imposed  to  insure  acceptable 
performance. 

Two  factors  that  contribute  to  these  performance 
requirements  are  the  material  and  thickness  of 
the  jacket.  Because  of  this  the  industry  has 
also  adopted  certain  jacket  thickness  require¬ 
ments.  In  addition  they  have  established  minimum 
material  performance  requirements.  With  the 
development  of  various  materials  over  the  past 
ten  years  the  criteria  used  to  establish  material 
and  thickness  requirements  may  no  longer  be 
appropriate.  Most  material  suppliers  have 
published  data  on  their  polyolefin  materials 
suitable  for  jacketing,  but  this  is  relative  to 
their  own  product  lines.  Example  of  these  type 
of  studies  are  given  in  references  1  through  5. 
Performance  of  some  materials  has  also  been 
studied  by  some  users  (references  6,  7,  ft).  In 
1982  the  Communications  Section  of  the  Insulated 
Cable  Engineers  Association  (ICEA)  decided  to 
evaluate  varlu.  s  polyethylene  jacket  materials. 
The  objective  o’  this  evaluation  was  to  charac¬ 
terize  these  materials  by  several  physical 
parameters  that  could  be  related  to  installation 
or  environmental  hazards.  This  characterization 
was  necessary  because  existing  data  from  the 
material  suppliers  are  limited  to  typical  pro¬ 
perties  used  for  quality  control  purposes. 

Therefore  the  first  order  of  activity  was  to 
determine  what  physical  tests  could  be  used  that 
would  relate  to  field  performance.  In  terms  of 
installation  practices,  several  concerns  are 
evident.  These  are: 


1.  Tearing  or  splitting  of  the  jacket  during 
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pulling  or  bending  of  the  rable. 

2.  Tearing  or  wearing  of  the  jacket  due  to 
rubbing  across  coarse  surfaces  or  sharp 
objects. 

3.  Splitting  or  puncture  of  the  Jacket  due  to 
impact* 

4.  Deformation  of  the  jacket  due  to  heat  and 
pressure. 


Thermal  Characteristics  -  The  jacket  mat  dials 
were  thermally  characterized  by  Differential 
Scanning  Calorimetry  (DSC)  where  their  peak  melt, 
crystallization,  heat  of  melting,  heat  of 
crystallization,  crystalllre  onset,  and  melt 
onset  temperatures  veve  determined  dynamically  at 
the  programmeo  rate  of  lO^C/minute  from  the 
thermograms . 


A  number  of,  then  active,  manufacturers  of  black 
polyethylene  compounds  were  contacted  for  samples 
to  cover  most  commercially  available  materials. 

These  materials  were  obtained  and  identified  by  a 
letter  code  and  are  listed  in  Table  1. 

All  samples  were  collected  by  or.c  of  the  partici¬ 
pating  laboratories,  coded,  and  distributed  to  the 
other  laboratories.  After  due  consideration,  the 
Working  Croup  decided  on  seven  tests  (as  shown  in 
Table  2).  Takirg  into  consideration  the  time 
required  and  the  expense  of  doing  all  tests  by 
each  participating  laboratory,  the  Working  Group 
agreed  to  split  the  testing  between  laboratories  in 
a  manner  that  each  test  was  done  by  three  labora¬ 
tories  (as  shown  in  Table  2).  A  brief  description 
of  each  test  is  provided  here.  A  more  detailed 
write-up  of  the  non  standard  test  methods  can  be 
obtained  by  written  request  to  the  authors. 

Density  -  This  was  the  controlling  property  used 
to  group  the  11  materials  evaluated  relative  to 
the  above  characteristics.  Testing  was  done  per 
ASTM  D  1505. 

Melt  Floy  Rate  -  This  testing  was  done  per  ASTM 
D  1238.  It  does  not  directly  relate  to 
performance  but  was  included  to  further 
categorize  the  various  materials  used. 

Stress/Strain  Pirpertles 

1.  Tensile  Strength  at  Yield  and  Break  -  All 

testing  was  done  per  ASTM  D-638.  These  pro¬ 
perties  were  measured  at  three  temperatures, 
23°C,  43°C  and  63°C.  The  use  ol  elevated 

temperatures  was  for  the  purpose  of  deter¬ 
mining  loss  of  strength  due  to  heat  exposure. 
Because  of  test  equipment  limitations  only 
tensile  strength  at  yield  could  be  measured 
at  the  elevated  temperature. 

2.  Elongation  at  Yield  and  Break  -  This  para¬ 

llels  the  tensile  properties  and  is  measured 
during  the  same  test.  It,  along  with  ten¬ 

sile,  can  be  used  to  determine  toughness.  It 
Is  also  a  good  indicator  of  flexibility  or 
brittleness.  Because  it  is  part  of  the 
tensile  test  the  yield  was  also  measured  at 
the  same  three  temperatures. 


A  sample  of  jacket  material  5  to  8  milligrams  was 
weighed  or  an  electronic  microbal mice  and  sealed 
in  a  standard  aluminum  pan.  The  sample  was 
heated  in  a  DSC  cell  under  a  nitrogen  atmosphere 
to  175cC  to  remove  prior  heat  history  and  then 
subsequently  cooled  and  rebeated  at  a  programmed 
rate  of  iO°C  per  minute.  This  procedure  was 
chosen  for  its  simplicity  and  tc  provide  the 
necessary  thermal  transition  temperatures  of  the 
jacket  materials.  A  relative  degree  of 
crystallinity  car.  be  obtained  from  the  heat  of 
crystallization;  however,  an  individual 
isothermal  procedure  would  be  necessary  for  each 
jacket  material  for  quantitative  results. 

Notched  Brittleness  -  This  testing  wa?  done  per 
ASTM  P  740  with  the  samples  notched  to  a  depth  of 
0.02  inches  using  ?  notching  jig.  The  notch  was 
necessary  because  most  of  the  materials  tested 
would  r.ot  fail  impact  at  the  lowest  temperature 
of  the  equipment  in  an  unnotcljed  condition.  As 
documented  by  Yanizeski ,  et  al  ,  the  effects  on 
impact  results  due  to  the  notch  geometry  car.  be 
dramatic.  There  was  also  concern  about  the 
influence  or.  results  due  tc  notch  sensiti¬ 
vity.  However,  this  test  method  does 
provide  relative  magnitude  of  Impact  resis¬ 
tance  and  docs  provide  an  indication  of  cold 
temperature  performance. 

Abrasion  Kesistance  -  The  testing  was  done  per 
ASTM  b  3389  except  that  the  abrasive  wheels  were 
CS-17  and  the  load  was  1000  grans.  There  were 
two,  500  revolutions  cycles  with  a  wheel  cleaning 
between  each  cycle.  The  only  other  standard  test 
method  for  abrasion  resistance  on  solid  plastic 
material  is  ASTM  D  1242.  This  was  not  considered 
because  of  its  complexity  and  lack  of  available 
equipment.  The  method  used  did  yield  results 
that  gave  some  indication  of  the  resistance  to 
wear  against  coarse  surfaces. 

Compression  Cut-Through  -  This  was  a  special 
test  developed  by  the  Working  Group.  It  involves 
a  curved  sample  on  a  wooden  dowel  being 
compressed  by  a  0.015"  thick  blade.  Contact 
between  the  blade  and  a  copper  strip  located 
under  the  sample  indicate  total  penetration.  The 
force  required  to  cause  penetration  is  a  good 
indication  of  the  material  ability  to  withstand 
compressive  loads  by  sharp  objects. 


3.  Modulus  of  Elasticity  -  This  property  is 
more  commonly  referred  to  as  tangent  modulus 
since  most  plastics  do  not  have  a  true 
elastic  modulus.  Again  this  property  was 
measured  at  23°C,  43°C,  and  63°C  per  ASTM 

D-638  with  the  dual  purpose  of  determining 
retention  of  stiffness  and  changes  in 
toughness. 


RESULTS 

In  general  the  study  reaffirmed  existing  concepts 
of  polyethylene  published  in  various  literature 
and  supplier  data.  As  the  density  of  the  poly¬ 
ethylene  increases  so  does  its  tensile  strength, 
modulus,  melt  characteristics  and  cut  through 
resistance.  On  the  other  hand  elongation  tends 
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to  decrease  with  increasing  in  density*  There 
were  several  non  classic  responses  that  required 
further  analysis.  The  most  noticeable  were  the 
behavior  of  the  two  linear  low  density  materials, 
the  various  medium  density  materials,  and  the 
response  to  the  cold  impact  testing. 

One  of  the  two  linear  low  density  polyethylene 
exhibited  performance  along  the  lines  of  the 
standard  low  densities  (Material  E) .  The  other 
linear  low  (Material  D)  had  properties  that,  for 
the  most  part,  approached  the  medium  density 
range.  The  two  medium  density  blends  show  pro¬ 
perties  that,  although  similar  to  the  non  blended 
medium  densities,  were  distinctly  lower  in  per¬ 
formance.  However  in  terms  of  their  performances 
relative  to  their  densities  they  do  follow  the 
expected  path. 

All  of  the  data  was  organized  by  looking  at  each 
material  per  a  given  property  and  the  three 
laboratories  doing  the  test.  Table  3  is  a  com- 
olete  representation  of  the  data  used  in  the 
analysis  process.  In.  addition  to  the  tabulation, 
graphs  were  constructed  comparing  the  results  of  a 
given  property  versus  the  various  materials 
tested.  Accuracy  and  agreement  between 
laboratories  was  good  on  most  tests  based  on  ASTM 
guidelines.  The  special  tests  not  covered  by  ASTM 
procedures  gave  the  most  variability.  The 
following  are  the  working  group’s  interpretation 
of  the  results  and  their  significance  to 
performance. 

Melt  Flow  Rate  -  The  data  clearly  demonstrates 
that  this  property  is  not  a  function  of  density 
alone.  It  is  also  obvious  that  this  property  can 
not  be  used  to  judge  the  relative  physical 
performance  of  material.  This  holds  true  whether 
the  materials  are  of  the  same  density  or  of 
different  density  ranges.  All  that  can  be  said 
for  this  property  was  that  it  was  the  only  one  in 
which  all  three  testing  labs  had  good  agreement  on 
all  materials. 

Tensile  Strength  at  Break  -  Allowing  for  some 
significant  variation  in  iesults,  the  behavior  of 
the  various  types  of  materials  was  as  expected. 
The  LLD7E  showed  improved  strength  over  the  LDPE. 
The  MDFF  were  even  stronger.  Surprising,  was  the 
drop  iti  strength  of  one  of  the  HDPE  (Material  M) . 
This  same  material  was  the  only  one  whose  yield 
strength  was  found  to  be  higher  than  its  break 
strength.  It  was  noted  that  this  material  ex¬ 
hibited  delap ^nation  which  could  result  in  pre¬ 
mature  breaks  and  deceptively  low  valties.  Figure 
1  is  an  example  of  this  type  of  fracture. 

Tensile  Strength  at  Yield  -  This  test  showed  good 
response  in  terms  of  increasing  yield  strength 
with  increased  density.  The  LLDPE  do  not  show  as 
much  of  an  improved  strength  over  LDPE  as  was  the 
case  with  strength  at  break.  A  significant  fact 
was  the  near  uniform  reduction  in  yield  strength 
with  increased  temperature  for  all  materials.  A 
20°C  rise  in  temperature  results  in  a  247  to  40% 
drop  in  yield  strength.  A  40PC  rise  results  in  a 
45%  to  61%  drop.  Figure  2  contains  the  graphs  at 
all  three  temperatures  and  clearly  illustrates 


this  condition.  This  is  In  agreement  with  results 
reported  by  Lawler,  Rossi  and  Virkes^in  their  work 
on  medium  density  jacket  materials'.  At  least 
from  the  study,  if  there  Is  a  need  for  high  yield 
strength  at  elevated  temperature,  one  needs  to 
start  with  a  proportionally  higher  strength 
material  at  room  temperature. 

Elongation  at  Break  -  This  was  one  of  those 
tests  that  resulted  in  considerable  scatter  of 
data  between  testing  labs.  There  appears  to  be 
two  levels  of  performance.  The  LDPE  materials 
along  with  one  LLDPE  fall  in  a  range  between  600% 
and  730%.  The  other  LLDPE,  the  MDPE  and  HDPE 
materials  are  in  the  second  group  between  750% 
and  950%.  The  behavior  of  the  various  materials 
relative  to  each  other  is  very  similar  to  the 
tensile  strength  at  break.  Again  material  M 
shoved  lover  than  expected  values  due  to  the 
delamination  effect. 

Elongation  at  Yield  -  This  follows  classic 
material  behavior  for  materials  of  similar 
chemistry.  As  the  tensile  values  Increase  the 
corresponding  elongation  decreases.  The  high 
density  polyethylenes  with  their  higher  tensile 
yi'.ld  values  have  a  correspondingly  lower  elonga¬ 
tion  at  yield  as  compared  to  the  low  density 
materials.  What  did  not  follow  classic  behavior 
was  the  response  to  elevated  temperatures.  A 
20°C  rise  in  temperature  caused  the  low  and 
linear  low  density  materials  to  increase  in 
elongation  between  3507  and  425%.  However  the 
medium  and  high  density  materials  increased  at  a 
much  lower  percentage ,  running  between  35%  and 
80%.  On  the  ether  hand  a  40°C  increase  in 
temperature  invokes  a  slightly  different 
response.  The  elongation  at  yield  of  the  low 
density  materials  increases  between  415  and  540%. 
The  linear  low  between  410%  and  450%  and  the 
medium  blend  between  310%  and  370%.  This  time 
the  straight  medium  density  and  the  high  density 
only  increase  between  75%  and  100%.  Tt  is 
possible  that  the  low  and  linear  low  density 
polyethylene,  having  a  low  degree  of 
crystallinity ,  react  to  the  higher  temperature  by 
intermolecular  slippage.  Increasing  the 
temperature  further  does  not  result  in  as 
dramatic  an  increase  in  elongation  because  the 
mechanism  is  the  same.  The  high  density  and 
straight  medium  density  polyethylenes ,  with  their 
higher  order  of  crystallinity,  tend  to  maintain 
their  rigidity  at  the  ele\*ated  temperatures. 
Apparently  even  the  63°C  test  temperature  was  not 
sufficient  to  overcome  the  crystallization  forces 
so  that  intermolecular  slippage  could  occur.  The 
medium  density  blends,  being  part  low  and  part 
high  density  showed  resistance  to  the  43°c 
temperature  but  reverted  to  the  low  density 
behavior  at  63°C.  This  is  probably  due  to  the 
limited  influence  of  the  high  density  crystalline 
structure  above  43PC. 

Modulus  of  Elasticity  -  The  modulus  results 
tracked  fairly  close  to  the  tensile  yield  values. 
As  expected  the  higher  the  density  the  stiffer 
the  material.  Again  one  of  the  linear  low 
density  materials  showed  higher  rigidity  than  the 
other  one.  The  response  to  increase  in  tetnpera- 
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ture  was  significant  but  not  unusual.  At  a  20 °C 
increase  the  modulus  values  dropped  between  30% 
and  602.  At  a  40°C  increase  they  dropped  between 
652  and  802.  Figure  3  shows  the  graphs  at  the 
three  temperatures. 

Thermal  Characteristics  -  The  correlation  of  the 
thermal  transition  temperatures  and  caloric 
information  for  the  jacket  compounds  between  the 
three  laboratories  conducting  the  tests  was  not 
very  good;  however,  within  the  same  laboratory  the 
relative  distinction  of  the  four  polyethylene 
types  is  evident.  The  discrepancies  of  the  actual 
transition  temperature  is  probably  due  to 
variations  of  calibration,  instrument  design  and 
temperature  control  variables. 

In  general,  the  DSC  thermal  transitions  determined 
within  a  laboratory  can  group  the  jacket  materials 
into  the  four  polymer  types.  The  data  shown  in 
Table  4  from  Laboratory  3  lists  the  heat  of 
crystallization  cal/gm,  polymer  type  and  a  rela¬ 
tive  degree  of  crystallinity.  The  crystallization 
onset  temperature  shown  in  Table  5  categorizes  the 
polymer  types  and  also  correlates  with  the  average 
yield  strength  within  each  polymer  type.  As  the 
onset  temperature  increases  so  does  the  yield 
strength.  This  also  appears  to  be  the  case  with 
heat  of  crystallization  and  degree  of  crystallin¬ 
ity.  The  DSC  thermograms  of  the  jacket  compounds 
are  quite  distinctive  and  can  provide  valuable 
information  to  categorize  the  polymer  type  and  to 
identify  the  jacket  compound.  This  study  shows 
that  a  simple  computerized  DSC  system  provides 
sufficient  information  to  thermally  categorize  a 
polyethylene  jacket  compound.  It  further  shows 
that  relative  physical  performance  can  be  pre¬ 
dicted  based  on  the  thermal  transition  tempera¬ 
tures  and  caloric  information.  A  representative 
group  of  DSC  curves,  one  for  each  type  of 
material,  are  included  in  the  appendix  to  help 
illustrate  the  methodology.  Each  figure  has  two 
graphs.  The  one  on  the  left  is  developed  from 
cooling  the  material  down  past  its  crystallinity 
point.  The  graph  on  the  right  occurs  during 
reheating  past  the  melt  point.  Figure  4  covers 
material  A  which  is  a  low  density  polyethylene. 
Figure  5  is  material  D  which  is  a  linear  low 
density  polyethylene.  Figure  6  represents 
material  H  which  is  a  medium  density  blend. 
Figure  7  is  material  J  which  is  a  straight  medium 
density  polyethylene.  Figure  8  covers  material  M 
which  is  a  high  density  polyethylene. 

Notched  Brittleness  -  The  original  intent  was  to 
mold  in  the  notch  to  insure  uniformity.  Due  to 
the  unavailability  of  the  dies  and  timing  it  was 
decided  to  notcli  the  samples  with  a  notching  jig. 
This  may  have  exaggerated  the  discrepancy  between 
labs.  Even  with  the  large  difference  in  results 
between  labs,  the  trend  between  materials  was 
somewhat  consistent  at  each  lab.  It  would 
normally  be  expected  that  the  lover  strength, 
lower  modulus,  higher  elorgation  materials  would 
have  better  Impact  characteristics.  Based  on  the 
results  of  ail  three  labs  the  opposite  took 
place.  Brittleness  temperature  depends  on 
several  other  factors,  of  which  the  degree  of 
cryetsllini ty  and  thus  density  are  important 


indicators.  Differences  in  crystallite 
nucleation  during  quenching  can  also  affect  the 
brittleness  temperature.  The  blending  of  co¬ 
polymers  can  affect  these  conditions  and  enhance 
nominally  brittle  polymers  to  a  higher  level  of 
impact  resistance. 

Abrasion  Resistance  -  From  the  scatter  of  data 
within  and  between  labs  it  was  obvious  that  this 
test  method  needs  considerable  refinement. 
However  it  did  yield  comparative  results  indicat¬ 
ing  a  relationship  to  density.  The  higher  the 
density  the  more  resistant  to  this  type  of  abra¬ 
sion,  Another  property  that  would  probably 
correlate  well  with  abrasion  would  be  hardness. 
Since  hardness  is  dependent  on  the  degree  of 
crystallinity  and  hence  density,  the  degree  of 
hardness  should  parallel  the  degree  of  abrasion 
resistance. 

Compression  Cut  Through  -  Based  on  the  data  this 
is  clearly  a  function  of  density.  The  ability  to 
penetrate  the  material  is  going  to  depend  on  its 
hardness  and  how  easily  it  yields  under  stress. 
Therefore  the  higher  density,  stiffer  materials 
will  resist  cut  through  more  than  lower  density 
flexible  materials. 

With  all  of  this  information  on  physical  per¬ 
formance  the  question  arises  as  to  what  all  oi 
thi6  data  has  tc  do  with  jacket  thickness.  It 
is  possible  that  materials,  of  higher  strength, 
better  heat  resistance  and  equal  flexibility  at 
room  and  cold  temperatures,  can  be  used  as 
reduced  thickness  without  sacrifice  in  per¬ 
formance.  In  fact  it  is  normal  practice  in  other 
industries  to  down-gauge  when  higher  strength 
materials  are  utilized.  The  concern  that  exists 
is  how  well  these  "better  properties"  translate 
into  finished,  cable  performance. 

SUMMARY 

This  study  provided  a  good  understanding  of 
various  properties  of  polyethylene  jacket  mater¬ 
ials.  It  also  provided  an  undetstanding  cf  the 
relationship  oi  density  and  crystallinity  to 
strength  and  stiffness.  Other  properties  such  as 
abrasion  and  impact  are  not  as  clear  cut  but  they 
too  are  better  quantified  from  this  study. 

In  addition  to  confirming  that  strength  and 
stiffness  increase  with  density  it  was  also 
demonstrated  that  lev  temperature  brittleness  is 
not  necessarily  an  offsetting  penalty.  One  area 
that  was  not  addressed  was  the  effect  of  cold 
temperature  on  strength  and  stiffness.  There  is 
concern  that  the  higher  density  materials  may 
become  too  stiff  at  lower  temperatures,  buch 
stiffness  could  impair  installation  or  result  in 
fractures  at  normal  bending  conditions. 

As  with  any  study  on  material  properties  the 
proof  is  in  the  performance  in  an  intended 
application.  That  is  the  rrxt  step  in  our  work 
and  one  we  hope  to  address  in  the  near  future. 
What  is  desired  is  to  const! net  several  different 
cables  using  the  various  materials  of  this  study. 
Within  each  table  type  and  material,  \nTyinp 
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jacket  thickness  would  be  used.  All  of  these 
cables  would  be  subjected  to  a  variety  of 
laboratory  tests  and  installation  conditions  to 
determine  actual  performance.  Hopefully  this 
information  could  then  be  correlated  to  the 
results  of  this  initial  study.  From  that  correla¬ 
tion  would  come  a  standard  show  in?,  recommended 
jacket  thicknesses  based  on  certair  raterial 
properties. 

ACKNOWLEDGEMENTS 

We  would  like  to  take  this  opportunity  to  thank 
all  the  material  suppliers  who  complied  with  our 
request  for  samples: 

Dow  Chemical,  USA 
DuPont  Canada,  Inc. 

E.l.  DuPont  de  Netrcurs  Company  (Inc.) 

National  Petrochemical  Company 
Phillips  Petroleum 
Union  Carbide  Canada  Limited 
Union  Carbide  Corporation,  I'SA 

We  also  wish  to  thank  the  merabem  of  ICEA  Working 
Group  592  participating  in  the  Kound  Robir  testing 
and  their  companies  for  their  support  for  this 
study: 

W.H.  Englehart 
W. A.  Fallon 
L.M.  More,  J.  Tech 
B.W.Tyrell ,  P.T.Kish 
V.B.  Mascnrenhas 
T.  McLaughlin 
H.M.  McNeil 

F. D.  Metcalf 

S.A.  Mills 

G. A.  Straniero 


REFERENCES: 

1.  S.  Kottle  and  P.B.  McAda,  Dow  Chemical, 

U.S.A.,  "Improved  Telephone  Jacket 
Compounds",  Proceedings  of  24th  International 

#  Wire  and  Cable  Symposium,  1975,  pp.  225-230, 

7.  J.  Fisher,  Union  Carbide  Corporation,  "Trends 

in  Polyethylene  Materials  for  Wire  and 
Cable",  Conference  Proceedings,  52nd  Annual 
Convention  of  Wire  Association  International, 
Pittsburgh,  Oct.  1982,  pp.  91-103. 

3.  A.J.  Houston,  H.A.B.  Monro  and  E.T.  O'Brien, 
DuPont  Canada  Limited,  "Intermediate  and  low 
Density  Low-Pressure  Polyethylenes  -  Their 
Properties  and  Applications  in  the  Wire  and 
Cable  Industry",  Proceedings  of  12th 
International  Wire  and  Cable  Symposium,  1963. 

4.  R.  McAda,  Dow  Chemical,  USA,  "Notched  Tensile 

Low  Temperature  Brittleness  Test  for  Cable 
Jacketing  Polyethylene",  Conference 

Proceedings,  52nd  Annual  Convention  of  Wire 
Association  International,  Pittsburgh,  Oct. 
1982,  pp.  104-109. 


Essex  Croup,  Inc. 

The  Okorite  Company 
General  Cable  Corporation 
Northern  Telecom 
Canada  Wire  and  Cable  Ltd. 
Colwave  Technologies 
Siecor  Corporation 
BRintec  Corporation 
Ericsson,  Inc. 

Triangle  PWC ,  Inc. 


5.  R.H.  Handverk,  R.  Bostwick,  Dr.  B.K.  Hwang, 

Dr.  J.C.  Miller,  "New  Process  Technology  for 
Linear  Low  Density  Black  Jacketing 
Cor.pounds" ,  Union  Carbide  Corporation, 
Bonnal  Brook,  N.N.,  1983  Wire  Association 

International. 

6.  G.M,  Yar.izeski,  E.P,  Nelson  and  C.J. 
Aloislo,  "Predicting  Fracture,  Creep,  and 
Stiffnesr  Characteristics  of  Cable  Jackets 
from  Material  Properties",  Proceedings  ol 
25th  International  Wire  and  Cable  Symposium, 
1976,  pp.  272-280. 

7.  J.D.  Lawler,  R.  Rossi,  K.G.  Virkus,  "More 
Rigorous  Sheathing  for  Outside  Plant 
Cables",  Proceedings  ci  27th  International 
Wire  and  Cable  Symposium,  1978,  pp.  84-90. 

8.  G.M.  Yanizeski,  F.C.  Johnson,  R.G. 
Schneider,  "Cable  Sheath  Buckling  Studies 
and  the  Development  of  a  Bonded  Stalpeth 
Sheath",  Proceedings  of  29th  International 
Wire  and  Cable  Symposium,  1980,  pp.  48-58. 

Vleney  B.  Mascarenhas  received  his  MSc  degree  in 
Chemistry  from  the  University  of  Bombay  (India) 
in  1960.  He  worked  for  a  total  of  nine  years  in 
cable  manufacturing  plants  in  India.  He  joined 
Carada  Wire  and  Cable  Limited,  Toronto,  Ontario, 
Canada,  as  a  member  of  Corporate  Materials 
Development  Laboratory  in  1969  and  is  currently 
Supervisor  of  the  Laboratory.  He  is  first 
Vice-President  of  Communications  Section  of  the 
Insulated  Cable  Engineers  Association  (ICEA). 


William  H.  Englehart  received  his  B.S.  in 
Chemical  Engineering  from  Indiana  Institute  of 
Technology  in  1969.  He  worked  for  13  years  at 
International  Harvester's  Truck  Engineering  Group 
as  a  Materials  Engineer  responsible  for 
non-metallic  components.  He  joined  Essex  Group, 
Inc.  in  1982  ar.d  currently  holds  the  position  of 
Materials  Engineering  Manager.  He  is  second  Vice 
President  of  the  Communication  Section  of  the 
Insulated  Cable  Engineers  Association  (ICEA). 


International  Wire  &  Cable  Symposium  Proceedings  1987  585 


f 


,'l  YKTHY1  P»c  ’At'KFT  ? \yy\  pc 


TYPK 


:  cfe 
:.??( 
I  CPE 
l.LPPP 
LLOPK 
mppf  • :> 
“CPE  l  3) 
“EPF 
“CPF 
“CPE  l  -.' 
FPPP 
“CPF 


o.  n- 


i  c  •  :  --v  Cti.sttv.  hi. 

t.U  •  Linear  ow  Per 

«  Vlw  Pens  it v.  -i 

Mend  r*  illi’F.  and  HfF 
\ln*le  rrnponent  raterla 
of 


v,  low  - 1.  ‘«nre  ft'.’i  <* , 

-■•P  •  • .  !'r  «trv 

1 1  ?.ler  .  •  '.1  VF  an.; 

I'.rk  rre*«ur»  rf  .iftot  ■  , 
it  Its  from  thre*  part'.' 


1  Average  ot  test 

1 ahorator tcs  (ASTM  C  1<PM. 

<fet  Average  of  teat  results  t  rom  three  part  *.<■•  rat  ing 

laboratories  ( ASTJ*  C  1238), 

'2'  All  materials  were  Type  C  tASTV  D  1.-8),  cont.ilet-j 
carbon  Mark  (nominal). 

t  B)  For  melt  flow  Index,  pellet  samples  were  used,  tor  density 
and  all  other  rests.  0.070”  thick  plaoue  -.amples  were  used. 
Plaques  were  prepared  as  per  procedure  spec  it  led  in  A5TP  P 
1248  <ASTV  P  1928.  Procedure  C>. 


TEST*  ASP  A!  '  i  i  ATli'N  T"  W' vjtJNvrPi  1  !  ■  W  i.  ■  '»Y  'l0'-.: 


"env ; tv 

ve.'  Flow  Pare 
'trc«« -Ftralr  Iropertles 
at  '«*•  <;j*c) 

.it  si<'‘f  uru 

at  l-S’F 

Thermal  Character tst les  bv  PSf 
Notches  Prtrtleresf;  Impact  tl.'Oi 

A*  r.islfi.  Fe«tsf.vv*e  at  ?'F  <?!'<“ 

iV.prtssicr  fut  Through  with  Wedge 
at  •■»*?  ■:,T) 


AST“  :>  .  .  1 
ASTM  ;  i lib 
AETM  P  MH 


Special 
AST“  E  '4A 
■  ••odlf  ledl 
A  c7“  C  1 
f Modified' 
‘ rec lal 


1 1  ".irt  •>:  test  "ethod*;  ?•*■««  in  to*t,  . --plcre  ■ 
irr<’n  feuuest  . 


the  p-: » tclpac  U  ,•  liberate*' 
••  ill' «  .tel.  "‘I*  w,i«  the' 
.  ::  it  ii  f  1  lhor.sr  >'r 


4 


586  International  Wire  &  Cable  Symposium  Proceedings  1987 


IMU  3 
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A 
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C 

D 

E 
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H 
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J 

It 
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0.931 
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0.941 

0.950 

0.949 

0.949 

0.960 

0.956 
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.... 
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98 

107 
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lOo 
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116 

116 

117 

19.  v 

21.0 

25.o 

26.0 

29.0 

32.0 

31.0 

22.0 

35.0 

55.0 

23.0 

27.0 

25.8 

33.0 

35.0 

24.7 

26.3 

24.3 

31.3 

39.7 

2.-5 

31.6 

27.7 

36.5 

38.3 

29.o 

21.0 

3o.O 

29. v 

28.0 

17.. 

2u.B 

18.° 

25.5 

28.1 

24.4 

24.5 

27.5 

3o.3 

31.5 

0.0924 

0.0404 

0.07o6 

0.0384 

0.033* 

0.0935 

0.0493 

0.0067 

0.0441 

0.0561 

0.0159 

0.0059 

0.0103 

0.0067 

*.*1*3 

0.0.73 

0.031* 

0.05T9 

0.0297 

0.*333 

-24 

-59 

-43 

-49 

-3* 

-23 

-49 

-43 

-52 

-53 

-30 

-2? 

-27 

-12 

-19 

-46 

-38 

-43 

-3* 

... 

10. 1 

9.8 

14.7 

11.2 

8.1 

10.2 

8.9 

12.4 

10.9 

9.2 

14.1 

8.5 

12.5 

11. 0 

8.0 

11.5 

9.1 

13.2 
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REDUCED  EMISSIONS  PLENUM  CABLE  TELEPHONE  JACKET  COMPOUNDS 


M.  J.  Keogh 


Union  Carbide  Corporation 
Somerset ,  New  Jersey 
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.  *  a  i  ^  l  ^  4.  j.  4. »  -  .  >  c J-  C  . 

in  a  :  i  m  i  tod  manner. 
-Aluate d  f  j  r  f  1  a  me  s  p rea d 
e  of  light  attenuation  by 
e .  An  a  1  lowar.co  of  5.0 

in  flame  spread  and  a 
Leal  de  n  n  i  t  y  ( MOD )  and 
:al  density  (AOD)  of  0.50 
spoct i ve 1 y ,  is  set.  N o 
f  et  v  . i c v  ■> r  s  a r e  me asured. 


;  and  D  present  the 
ho  D-  >  1  i  r. vest  i  gat  i  ve 
i  out  in  RF'-i'^r.’ 


wel  1  i  «»  1  w  t  he  a  1  1  w*:*o 
fee?  .  5':a\;re  f  shews 

► '  :  p  t  a  1  1*  •  n i  t  y  o  h a  n  a  r- 

y  r :  r.  u  r  e  ting  t  i  n>  •  . 

sub st  ar.*  i.tllv  be vend  the 


As  a  UL-910  control,  we  tested 
the  twenty-five  pair  commercial  poly- 
ethylenechlorotri f luoroet hylene  (ECTFE) 
insulation  core,  used  in  the  RE-POCJ 
test ,  jacketed  with  a  commercial 
polyvinylidienef luor ide  (PVDF)  resin 
compound.  UL-91C  results  on  this 
construction  are  presented  in  Figures  3 
and  -I  .  As  expected,  compliance  with 
-  -■* —  s*  i  0  13  found.  The  overall 

performance  level  averages  to  about 
that  for  the  experimental  cable.  Flame 
spread  was  reduced  m  the  control  to 
-  feet  but  the  average  optical 
density  was  at  twice  the  value  obtained 
:or  the  experimental  cable.  The  latter 
observation  suggests  that  the  total 
a  mount  of  visible  smoke  emitted  from: 
the  PE-PQCJ  construction  will  be 
reduced  relative  to  certain  commercial 
constructions . 


RE-POCJ 

Ul  910  TEST  DATA' 


Ul  910  TEST  DATA ' 


MAX  F$  =  3.6  ft. 


MAX  FS  =  2.3  ft. 
TIME  (mins.)  *  U 


Time  (Minutes) 

FIGURE  1 

Time  (Minutes) 

Figure  3 

RE-POCJ 

Ul  910  TEST  0ATa'‘‘ 

0  b 

PVDF  (a) 

Ul  910  TEST  DATA 

MOO  *  0.122 

0  4 

MOD  -  0.136 
TIME  (mins. 1 

TIME  (mins.)  1  10 

£  03  i 

AOD  :  0.050 

AOD  -  0.026 

CT 

O 

CD 

—  0  T 

a 

°  0  1 

0  0 

Tim*  (Minutes) 

HGURE  2 

IS  mil,  RE-POCJ  over  25  pair  Poly  (ECTFE),  5.5  mil 
ivrr  AWG  Copper  Corp 


i  im»  (Winjlns) 

Figure  4 

(a)  14  mil  PVDF  jacket  over  25  pair  Poly  (ECTFE), 
5.5  mil  over  24  AWG  Copper  Core 
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Visible  Smoke 


The  UL-910 
smoke  contain 
insulation  core 


results  on  visible 
a  component  from  the 
test . 


used 


m 


the 


This  variable  was  not  a  part  of  our 
laboratory  development  study.  In  our 


TABLE  I 

SMOKE  DATA 

RE-POCJ  FR-PE  FR-PVC  A1 
NBS  E-662  (0 . 125  in.  ) 


development  work  two  established  test 

Dm  Flaming 

190 

688 

801 

methodologies  were  used.  We  evaluated 
perforraar.ee  using  ASTM-E  -  6  62  -  8  3 

Non-Flaming 

160 

527 

582 

(that  tonal  Bureau  of  Standards  Smoke 

Ds  {1.5  min . )  F 

4  .  0 

15 

161 

Chamber)  procedure0  and  the  Smoke  Index 
value  obtained  in  Mil-C-24643.  The  NBS 

N-F 

1  .  4 

2 

6 

method  was  chosen  for  its  ubiquity  in 

Ds  (4  min.)  F 

105 

532 

606 

the  fire  harard  assessment  community 
a  n  d  the  existing  data  bank  on 

N-F 

19 

8 

143 

materials.  The  Srr.one  Index  (SI)  was 

studied  because  it  deals  directly  with 

Smoke  Index 
(Mil-C-24643) 

10 

150 

wire  ar.d  cable  application  into  an  area 

Thus  far 

the  a  i 

s  c  u  s 

not  far  removed  from  plenun  cable. 

focused  on  visible 

smoke . 

T  f 

r.arely  shipboard  cable.  /additionally, 
the  SI  heavily  weights  smoke  produced 
from  materials  in  the  early  stages  of  a 
fire,  hence  it  places  a  premium  on 
allowing  "time  for  escape." 

The  data  set  forth  in  Table  I  are 
the  results  from  testing  a  typical 
RE-PCCJ  material  following  the  standard 
procedures  for  the  methods.  For 
comparison  smoke  values  determined 
under  the  same  conditions  are  reported 


r<or.-s  mo  .*i  e 


suoDresse 


j-n-c 


a  n 


: lame  retarded  poiy- 
r  e  t  a  r  de  d  po 1 y v i n  y 1 - 
impounds .  Clearly  a 

Iv  smoke  generation  is  accom- 
hea  with  the  RE-POCJ  material, 
icularly  noteworthy  is  the  very  low 
-*  Index  for  RE-POCJ  material. 


.s  type 

w-  re  the  only  concern  then,  for  example, 
a  sightless  person  would  be  exposed  to 
no  smoke  related  hazard  in  a  fire.  We 


Know  this  not 


to 


be  the  case. 


*  e  ^ 


ma 


i  r.  d 


American  Society  fc: 

Materials  ( AS  TM )  defines  smoke  as  a 
complex  mixture  of  "the  airborne  solid 
and  liquid  particulates  and  gases 
evolved  when  a  material  undergoes 
pyrolysis  or  decomposition."'  'With  this 
in  mind,  we  studied  RE-POCJ  materials 
for  their  smoke  toxicity  and  smoke 
cor ros i vit v  cha ract e r i st i cs . 


rE-P.0,CJ.  Jtaljs 


i  v  e  r  c  i  a  -  c  c  m  p  r.  o r.  t 
no k e  (  combu  s  t  i o ) 
ficially  recognized  for 
by  the  National  Fire 


.  ne  most  cor.t 
of  fire  safety, 
toxicity,  was  of*-* 
its  importance 
Prevention  Association  (NFP A)  in  1962. 
As  mentioned  earlier,  the  UL-910  testing 
procedure  used  for  cable  in  plenum  does 
not  address  this  aspect  of  smoke. 


Recently  for  shipboard  wires  and 
cables  the  U.S.  Navy  introduced,  through 
Mil-C-24643,  a  toxicity  component 
expressed  as  an  index.  In  addition  the 
State  of  New  York,  with  the  issuance  of 
Article  15,®  will  begin  to  measure  and 
compile  a  data  bank  on  fire  gas  toxicity 
for  wire  and  cable  materials.  To  put 
perspective  on  the  RE-POCJ  development, 
we  evaluated  its  performance  using  these 
established  procedures. 


j 
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Table  II  reports  the  smoke 
toxicity  data  obtained  on  RE-POCJ 
compound  from  the  tests  in  Mil-C-24643 
and  N.Y.S.  Article  15.  Relative  to 
existing  data  on  other  materials  used 
as  wire  and  cable  jackets  the  RE-POCJ 
material  exhibits  outstanding 
performance.  In  both  tests  RE-POCJ  ranks 
among  the  best  polymeries  for  which  data 
exist. 


U.S.  Navy  Mil-C-24643  0.56  5.0 


N'.Y.  State  U.of  Pitt.  77.1  N.A. 

Art.  15 


Examples  exist  today  where 
following  extensive  corrosive  gas  hire 
damage  direct  action  has  been  taken  to 
limit  future  losses.  In  Japan/  Nippon 
Telegraph  &  Telephone  (NTT)  following 
the  Setagaya,  Tokyo  telecommunications 
network  fire  in  1984,  acted  with  the 
issuance  of  directives  for  the 
development  of  non -halogen  fire 
retardant  materials  for  telecommunica¬ 
tions  application.  In  a  similar  vair., 
following  their  analysis  of  the  damage 
from  shipboard  fires,  first  the  U.K 
Royal  Navy  and  then  the  U.S.  Navy  acted 
to  limit  halogen  and  other  strong  acid 
gas  producing  elements  from.  the 
materials  of  construction  in  wires  are: 
cables.  In  these  instances  the  action:: 
cited  were  taken  ever,  though  suitable 
commercial  substitute  material.-  did  r.  • 
yet  exist. 


While  smoke  toxicity  is  the  most 
important  life  safety  aspect  of  a  fire 
event,  smoke  corrosivity  ranks  high  as 
the  cause  of  property  loss.  Depending 
on  the  type  equipment  in  the  fire 
environment  it  can  easily  be  the  largest 
contributing  factor  to  property  loss. 
The  elements  contained  in  conventional 
tire  resistant  polymeries  contributing 
m  :s*.  to  corrosivity  are  acid  gas 
releasing,  generally  halogen  containing 
aiiitives  and  resins.  On  pyrolysis 
an  i/or  combustion  the  acidic  fire  gases 
;• r  educed, particularly  in  combination 
with  water,  continue  their  corrosive 
'icr.  long  after  the  fire  is 
ir.guished.  During  the  fire  event 
rrosive  gases  present  a  real  hazard  to 
"ircuit  integrity  of  the  fire  control 
systems,  including  alarms. 


A  common  argument  advance: 
support  the  application  of  h  i  :::.  1 
halogenated  materials  is  their 
recognized  resistance  *o  ignition. 
a  corrosivity  dr.o  lox*  c  1 1  y  v  i  e  w »  i ;. ■  , 
particularly  in  the  case  of  f.a  1  "oen ;i*  i 
hydrocarbons,  igniteabiiity  a  r.  a  r 
oxidative  c  o  ir.b  ustibilit  y  n  a  y  r:  o  \  r  e  *:  r .  * 
only  issue.  Mo  re  o  f  t  e  n  t  ha  n  r.  o 1  ,  t  h 
only  requirement  f  .■  r  the  re  leas*-  i 
copious  corrosive  and  t  .  xic  nr.cko  : 
radiant  energy.  Re cognise  radian* 

energy  as  a  familiar  pr~duc:  “‘f 


R E — ? G C J  mate r  i a  1  w a s  e v a  - u a t  o o  t  r 
its  thermal  behavior  and  strong  aci  i 
gas  release  u  s  i  r.  a  t.  h  e  r  m  c  g  r  a  v  :  r.  ^  r.  r  i  o 
analysis  {  TGA  )  and  t  •  •  a  o  :  :  g  :i  .3 
determination  r  r  o  c  e  d  u  r  c  o  r.  -.  a  :  e  d  : 

Mil-C-24643.  A  similar  analysis  was 
carried  out  on  t.  h e  c  > ■  •  0 r, ♦*-  r  o  i  a  I  P 7 P  r" 
jacket  cor.p c.  u  n  d  u  z  e  d  a  s  *  r .  -  s  *..  • :  i  y 
control  in  ou  r  ’ :  I.  -  '*  *  ■  ::  u  1  1  ;  r  i  ;  a  t  :  -  r. 

testing.  Figure  s  a : .  i  ;  2 :  r. :  '  a  7 

eva  luat  i  or. . 


International  Wire  &  Cable  Symposium  Proceedings  1987  595 


596 


International  Wire  &  Cable  Symposium  Proceedings  1987 


EXTRUDER  TYPE 


TEMPERATURE 

PROFILE 


The  expe r : mnntai 
L .  McDaniel  and 
e a  1 1  y  appr e c  1  a t  e d  . 
no  r  •  i e  and  effort  s 


work  of  M*» r. r  s  . 
A.  Adame::  y  k  is 
The  e v. t  r u s  i  o n 


-  j  1  0 , 


St  anda rd 
V  i  r  e 


for  Ter 
a  n  d 


Met  hod 
Smok  e 


<::> 


O) 


(  :  ) 


1-) 


(-') 


<  ) 


Character  i  :,t.  ics  of  Tablet  Used  ir. 
A  i  r-Hand  i  i  r:g  Spaces ,  Unde  rwr  iter  s 
La  bo  ra  t o  r I r-* s ,  Inc.,  Me  1 v i 11 e ,  he w 
York,  1981. 

L*  at  iona  i  Fir  e  P  r  o  t  e  o  t  i  o  n 
Association,  Board  of  Directors, 
December  3,  1982 

H  .  ,  »I  i  s  h  i  z  a  v;  a  ,  L  e  c  e  n  t 


D  c  v  o  lopment  of  L  o  r.  -Hal  o  a  e  r;  F 1  a  m  e 
Retardant  Materials  in  Japan," 
Proceedings  FAC  A,  March  198*7,  pp. 


Authority,  Specification  P-1 
October  19 78. 


A  S  T  M  E  £  v  2  -  ft  3  ,  "  3 1  a  n  d  a  r  d  T  e  j  t 

M  e  t  h  o  d  f  o  r  :7  r  e  c  i  f  i  c  C  n  t  :  c  a  1 
j  on  s  it  y  o  f  S  r.  k  ^  0  on*®  ra  t  e  *  i  b  v 

S  o  1  i  d  Ma  r  r  i  a 

A  S  T  M  ri  1  Y  v  -82,  "  S  t.  a  r.  d  -j  r  d 

T e  r m  1  r.o  1  o q y  ?  1  a  *  i  r. q  *  o  F  i  rfi 
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REDUCTION  OF  FIRE  HAZARD;.*  DUE  1)  CABLES  KITTED  TO  WARSHIPS 


MR  J  A  DOWN ALL  HEAD  OK  CABLE  SECTION 


MIN LS TRY  Or  DEKENCE  (NAVY)  UK 


Abstract 

The  incentives  leading  to  a  change  in  the  fire  character¬ 
istic  requirements  of  cables  to  UK  warships  is  briefly 
reviewed.  How  these  reductions  in  fire  hazards  associated 
with  cables  was  defined  in  a  new  set  of  performance 
specification  is  outlined.  The  adoption  of  the  generic 
terra  Limited  Fire  Hazard  (LFH)  type  cable  is  explained 
The  technical  assessments  that  led  to  the  adoption  of 
the  stated  performance  limits  is  surveyed  and  the  cable 
constructions  that  comply  with  these  (LFH)  limits  are 
given.  The  ongoing  problems  being  experienced  with  this 
new  cable  construction  during  manufacture,  warship 
construction,  equipment  design  and  in-service  are 
illustrated  in  some  detail.  The  corrective  measures 
modification  and  development  of  special  tools  that  have 
proved  necessary  in  order  to  incorporate  these  cables 
into  a  reliable  power  and/or  communication  network  on 
a  warship  are  discussed,  and  future  development  tasks 
predicted.  The  cost  of  procurement  of  these  cables  is 
compared  with  earlier  types,  and  the  conclusion  drawn 
that  the  enhanced  safety  of  a  warship  during  and  after 
a  fire  justifies  the  higher  cost. 


SUMMARY 


1.  The  hazards  involved  in  a  fire  on  a  warship 
are  well  documented  in  history.  The  singeing  of 
the  King  of  Spain's  beard  when  Drake  set  fire  to 
Spain's  Armada  in  Cadiz,  and  more  recently  in 
the  Ealklands  when  HMS  SHEFFIELD  was  lost  due 
to  uncontrollable  fires.  Certain  measures  have 
always  existed  to  reduce  fire  hazards,  but  the 
allocation  of  materials  and  resources  has  always 
needed  a  political  or  dramatic  incentive.  The 
Kalklands  gave  that  incentive  and  the  UK  are 
introducing  cables  of  a  type  known  as  Limited 
Fire  Hazard  (LFH)  on  all  new  construction 
warships.  But  to  alter  the  materials  used  in 
the  construction  of  a  cable  is  not  a  sufficient 
quantum  change  to  justify  the  cost.  The  whole 
cable  system  as  part  of  a  power  and 
communication  network  has  to  be  subject  to 
scrutiny  for  fire  risk.  There  is  littLe  virtue 
in  reducing  the  fire  hazards  caused  by  polymers 
if  thereby  the  connectors  and  terminal  blocks 
overheat  and  increase  the  risk  of  an  electrical 
fault  initiating  a  fire. 


FIG 


1 


incidence  of  large  fires  in  Destroyers/ Frigates 
during  period  197'4  to  198*3 


INCIDENCE  OF  LARGE  FIRES  IN  DESTROYERS  FRIGATES 
DURING  PERIOD  19  74  TO  1983 


SAMPLE  SIZE 


mfdnjm  fines 


FIRE  HAZARDS 

These  can  be  briefly  summarised  as: 

a.  Heat. 

b.  Smoke  and  fumes. 

The  intensity  of  these  hazards  depends 
upon : 

(i)  Volume  and  weight  of  the 
combustibles . 

(ii)  Calorific  value  of 
combustibles . 

(iii)  Materials  of  the  combustibles. 

( i v )  Availability  of  air  or  oxygen 
to  support  combust. ion. 
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FIG 


Volume  and  Weight 


Weights  of  Polymers  on  cables  of  similar  copper 
cross  sectional  area. 


WEIGHTS  OF  POLYMERS  ON  CABLES 


CABLE  NSN 

TYPE 

NO  OF 

CORES 

OD 

CORE 

mm 

OD 

SHEATH 
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7 
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1.4 

IS 

1 57 

521-8431 
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7 
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12  4 

1.4 

0  88 

145 

3. 1 

Some  70  to  d0%  of  cables  fitted  to  a 
modern  warship  have  cores  less  than  2omm 
(0. 004 in  )  copper  cross  section.  The 
ratio  of  insulation  area  in  proportion  to 
the  copper  area  is  also  high,  thus  a 
reduction  in  insulation  weight  and  volume 
on  these  small  cables  makes  a  considerable 
improvement  in  the  combustibles  in  any 
warship  compartment.  These  wires  arc 
specified  in  performance  terms  in  the 
Defence  Standard  61-12  Fart  Id. 

l’he  reduction  in  core  size  enables  the 
cable  diameter  to  be  proportionally 
reduced  making  a  further  saving  in  the 
combustible  sheath  { jacket  in  USA 
terminology)  materials  installed  in  a 
warsh ip . 


Analysis  of  wire  copper  cross  so«m  ionai  ar^a 
(esa)  fitted  to  a  typical  Frigate. 


Fid  } 


Re.l'irt  i  m  of  p.nymer 
o ab 1  os  compare  1  w  i  t  h 
earl  ior  construct  inn 


weight  of  two  LFi!  type 
similar  type  cables  of 
over  range  0  to  _'.6:n:n 


Pill  HI 

iii  *  •> 

I  "I  1  Ml  W 

. .  •  i> 
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NFW  i.’ABl.F  i'Vl'F 

in*-  n*-w  cable  type  termed  Limited  Fire 
linear!  (i.Fil)  lias  contr  i  r«ut.o  1  to  a  reduction  in 
all  these  aspects.  The  term  M  limited*' 

ir  a  iopte  i  because  the  limits  quoted  in  the 
Nava!  Fngineoring  Standards  (NFS's)  are  under 
•  ■instant  review. 


Space  saved  by  t  tie  adoption  of  i.FH  cable 
compared  with  earlier  typo. 
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da l or i fie  Valu< 


{'his  has  not  been  specified  in  any  detail 
in  the  applicable  performance 
specifications,  since  the  release  of  heat 
is  so  vast  ly  dependent  upon  t  he 
availability  of  oxygen.  The  oxygen  index, 
and  the  temperature  index  of  materials  are 
checked  for  the  sheath  in  accordance  with 
spec  if icat ions  Naval  Engineering 
Specif  irat  ion  71A,  /lo  .  How  t  hese 

tests  on  sma 11  samples  re  late  t  o  t  he 
poT’formanoo  in  an  actual  fire  is  at  the 
moment  a  matter  of  conjecture 

<  Materials 

A  com  par :  son  between  th*»  TEH  materials  and 
those  used  on  earl  ier  types  -of  ‘-ablen  is 
liffb/  .'.  t  be *uase  trie  cables  were  procure  1 
t  a  materia;:;  sped  f  jo.at  i  *:»  fir  exa-.pL* 
be  <■■-*  *  which  limited  t  r.e  peri*,  irma.vo  lata 
t.*  the  Nvisiie  st react  :•  d*  t  r:.-  jacket  and 

i“ t  a i  1  .  ‘nly  a  few  manufact  ur-rs  cave 

•»!•!••  t  •  meet,  these  limits  .-.or  t  :;<• 

•>’!■'  1  •  ■  •  a :  1  v  ran ci' . 


I  PROPAGATION  » 


I  IN65  790)  | 
I  0S4Q66  Pt  3  | 


•  AU.  PMC  PROROGATION  FACTORS 


Included  in  air  will  be  smoke,  and  it  was 
this  factor  which  was  so  emotionally  high¬ 
lighted  in  the  Ka Ik  lands  conflict.  A  fire 
that  can  be  seen  is  no  longer  a  fire  in  a 
warship,  given  that,  the  fire  fighting 
teams  equipment  is  fund  ion ing .  In  the 
past,  this  is  on**  of  the  aspects  of  cable 
design  that  lias  receiv*-!  little  detailed 


attention.  Smoke  under  the  influence  of 
air  pressure  differences  can  easily 
penetrate  poorly  designed  cable  seals. 
Therefore  the  circular  profile  of  a  cable 
is  specified  in  order  that  the  multiple 
leakage  paths  apparent  in  every  bulkhead 
will  riot  allow  smoke  or  fire  to  promulgate 
along  them.  Despite  this  close 
toioranring  of  the  cable  circularity, 
only  about  two  type a  of  glands  are  smoke, 
fire,  and  water-tight  before  and  after*  a 
fire.  Tests  have  proved  that  glands  that 
purport  in  the  commercial  world  to  no 
water-tight  will  not  perform 
satisfactorily  under  warship  environmental 
conditions,  'Aland  sealing  materials  fail 
to  adhere  to  the  various  LKH  sheath 
polymers  arid  it  is  suspected  that  sumo 
of  ih**  volatiles  in  the  polymers  react 
adversely  with  the  cable  seal  polymers 
>:*  adjacent  cables.  This  sealing  arouu  1 
t  no  able  sheaths  becomes  even  more 
important  in  preventing  corrosion  of  trie 
•>xp<  sel  braids  of  a  cable  ns  occurs  in 
the  lesign  of  an  fleet,  rica:  Magnetic  i 
proof  ieck  gland. 

i'l  l  / 

Hand  leakage  round  multiple  transit  typo 
glands  packed  with  non -approved  commercial 
■*• impounds . 


CABLE  SYSTEM 


i.  With  the  ini  roduc  t  ion  of  I  HI  there  has 
i  •  •  v  *  ■  loped  a  requirement  for  a  'aid*'  to  be 
••  .us  i  •  1*  1  as  .part  of  a  secure,  reliable 

•  •  omman  i  ’at  iori  and  or  power  ?  rar.smfss  i  ni 

system.  frov  ious  1  y  some  cat -1  os 

c  miu-.'t  ing.  two  pieces  of  equipment  liad  to  use 
t  lie  space  that,  was  left.  aft..**r  the  equipment 
pip<*s  and  ventilation  trunking  had  been 
inst.a  l  led.  ilreatoi’  importance  is  now  allocated 
i  >  reducing  mutual  e  1  ec  t  romagn.M  i  c  int  or  fererice 
between  cable  runs  and  car;  ier  ct»ns  idcrat  ion 
is  \  h*T«*r<>r«?  being  given  to  the  definition 
"!*  cables  and  cable  fundi  oris  in  t.  ho  iosigti 

•  ■!*  a  warship  ■  ■■ impart  ment  . 
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A  sivt  ion  through  the  now  t  hin  wa*  1 
insulated  type  wires  shows  that  a  dual 
iva !  I  construct  ion  is  used  by  some 
manufacturers.  Thus  it  is  possible  t.i 
remove  an  outer  coating  bat  not  the  inner, 
i'he  insulation  is  also  tougher  and  not 
so  easy  to  bend  or  strip  without  damaging 
tne  eon-.iuett'r  strands.  i'he  rost  of  tool.; 
and  dooumenlat  ion  has  It'  be  initially 
fun del  in  order  to  ensure  that  a  rei iatde 
system  is  install-*!  =u  a  warsnip.  itu- 
training  v:  ioo  and  Ni.S  gives 

gaidanee  to  fitters  on  tne  piMp*’:*  handling 

essent  iai  it*  tne  benefits  of  s;-a**e  an! 
weight  saving  are  not  to  :-e  negated  t  \ 
a  degrease  in  t  he  reliability  a-j  :.e  i 
typically  t«y  enrler  strands  freaking 
iuo  to  :ii«’Ks  telng  L  :i 1  i  *  t  •  *  i  when  fitting 

a  terminal  *.  •  t  :i-*s--  ruin  wall  insuiat; 
wires  ropiires  a  i-.-gr-*-*  »f  a  da;  *  at  I 

w-»:»e  iniriatej  a:'*--r  g—rp  1  a  1  n‘ s  tha* 

wires  wa.?  sisp.-o:  wno.u  I  or:  a  i: */.••; 
engine  which  inherently  has  a  nigh 


THIN  WALL  INSULATED  WIRE  SPECIAL  STRIPPING  TOOL 


Typical  damage  inflicted  on  strands  of  a 
conductor  by  incorrect  method  of  stripping 
i  rise  1  a  t  ion . 


>  TP;  AND  DAMAGE  DUE  TO 
,V A 0 NG  INSULATION 

stripping  tool 


i-l'.i  10 

I  f  i(  type  terminal fon  giving  support  back  to 
in.-  i  1  at  i  on  . 


d.  .nnect  ors 


‘‘lultipie  circuit  I'K  warship  eommun  icat  ion 
\nbles  are  often  terminated  in  circular 
•:>nne. ’tors .  Typically  at  the  back  of 
sortie  i.'mju  i j <mo r  1 1  s  tnere  may  be  tens  of  these 
all  fulfilling  an  essential  weapon  control 
function.  The  hermatic  seal  ensuring 
that  humidity  does  not  penetrate  the  cable 
has  Co  be  a  tight  tolerance  Tit  over  the 
insulation  of  every  strand.  These  hermatic 
seals  have  had  to  be  redesigned  to 
accommodate  the  thin  wall  insulation 
conductor  types. 
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FIG  11 


Commercial  Aspects 


U .  U 


Circular  connector  with  LFH  cable  and  Heat 
Shrink  back-end. 


■* .  3  Submarine  Bulkhead  Penetrations 


Cores,  cables,  terminal  strips, 
terminations,  glands  all  forming  part  of 
the  cable  system  on  a  warship  or  a 
submarine  have  to  he  comprehended  and  the 
development  costs  funded  when  a  new  cable 
type  is  introduced  into  a  warship.  The  UK 
has  still  not  developed  a  complete  range 
of  LKH  cables  (the  elimination  of  smoke 
from  polythene  used  {'or  the  co-axial  type 
cables  is  a  difficult  prohLem).  Private 
venture  {'unding  of  developments  is  the 
preferred  option,  but  this  is  only 
possible  when  the  cable  company  can 
envisage  an  expanding  and  continuous 
market  in  which  it  can  recover  the 
development  costs.  Development  of  special 
cables  or  terminations  has  to  be  funded  by 
the  Ministry  and  then  the  production 
offered  for  competitive  tender.  This 
process  can  be  lengthy,  and  resource 
limited.  Hence  a  UK  warship  fully 
compliant  with  the  policy  of  fitting 
reduced  fire  hazard  type  cables  through¬ 
out  ti/js  ye t  to  be  launched. 

KM  13 


The  integrity  of  submarine  bulkheads  must 
not  be  compromised  even  under  the  worst 
conditions  of  fire,  flood  and  mechanical 
damage.  Hus  is  achieved  by  terminating 
cables  at  a  bulkhead  in  a  sintered  glass 
seal  arrangement.  Proving  that  the  new 
1.FH  cables  would  survive  the  shock, 

{'it  ting  and  production  rigours  passed  by 
the  earlier  CSP  type  cables  was  another 
on-cost  that  had  to  be  funded  when  the 
limited  fire  hazard  type  cables  were 
introduced  to  a  submarine. 

Fi«;  M 


fable  snowing  reduction  of  l.KH  cable  cost  since 
introduction  of  competition,  compared  with 
sir  ;  Tar  tion-UH  rahlos. 


COST  COMPARISONS  £*s  PER  KILOMETRE 


(  AIJH  TYPL 

Ob 6  1  52  I  bB  4  0 
>  Cut*  limit'  L’j* 

I  PH  IN  MM  AIM)  A  CSP  SMI  AIM!  D 
Spei  iln  .ilmn  Ol.S  2  12 


YfcAH  Of  PtmCHASL 


0  5b  I  52  )  82Ub 
i  Coi,  Inmr  I.'j* 

Sll  NllUUtM  ttlt.lil  Ait()  CSP  SMI  A1  itiu 
5pm  Hu  jliun  DliS  2  »  I 

05b  |  24  1  04  lb 
3  i.ui,  Intnr  I  SA 
I  f)  |  tHl  HA  f  *1*0 

IN  Sill  A  If  O  A  Sill  Aim  M 
SpeiHimliuit,  Nt  S  52  5.5  IB. 52b 


!'h>‘  additional  purchase  cost  of  t  h^  I  typo 
catdes  can  bo  justified  t-y  profess  uma  1 
assessment  of  the  reduction  in  hazards  and 
savings  in  spare  and  weight.  The  policy  of 
the  Ministry  is  to  ultimately  fit  l.KH  type 
■'ables  throughout  all  new  construction 
warships.  This  pol icy  is  defined  in  a  bofonce 
‘oune i 1  Instruct  ion . 
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5.  My  thanks  are  extended  to  colleagues  in 
the  Ministry  and  in  the  cable  industry  for 
technical  assistance  and  loan  of  slide 
material.  My  formal  thanks  are  extended  to  the 
Ministry  of  Defence  Procurement  Executive  for 
giving  me  access  to  the  resources  that  have 
enabled  me  to  write  and  illustrate  this  talk. 

NOTE 

This  Document  has  been  approved  for  public 
release  or  sale;  its  distribution  is  unlimited. 

21  July  1987  -  In  Draft  form 
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OPTICAL  FIBERS  IRRADIATED  WITH  3800  RADS  X-  OR  GAMMA-RAYS 
SHOW  LARGE  ATTENUATION  DIFFERENCES 


B.  H.  W.  S.  dc  Jong 


Corning  Glass  Works,  Corning,  NY,  14831 


Co  gamma-rav  and  x-rav  irradiated 
optical  fibers  show  very  different  degrees 
of  attenuation  at  equivalent  total  dosage. 
The  reason  for  this  lies  in  two  different, 
uncoupled,  mechanisms  of  energy  absorption 
by  fibers  exposed  to  these  two  types  of 
irradiation.  Fibers  irradiated  with 
gamma-rays  show  primarily  a  linear  in¬ 
crease  in  1300  nm  attenuation  affecting 
the  vibrational  states  of  the  fiber.  The 
principal  contributors  to  this  type  of 
attenuation  are  Compton  and  Rayleigh 
scattering.  X-ray  irradiated  fibers  show 
the  same  phenomenon,  but  in  addition,  a 
strong  coupling  to  the  fiber  material 
resulting  in  substantial  generation  of  E' 
centers.  The  principal  contributor  to 
this  type  of  ittenuation  is  photoelectric 
absorption.  The  generation  of  E'  centers 
shows  a  strong  dependence  on  dose  rate. 
Both  energy  absorption  mechanisms  are  a 
function  of  temperature. 


Introduction 

The  effect  of  adverse  environments  on 
the  transmission  characteristics  of  optical 
fibers  is  an  area  of  active  study  (e.g. 
Friebele  and  Griscom,  1986).  Such  studies 
address  the  effects  on  fibers  of  natural 
environments  with  low  levels  of  radiation 
as  well  as  nuclear  environments  with  very 
high  radiation  levels. 

The  characteristic  tests  for  radiation 
hardness,  i.e.  the  resistance  to  attenu¬ 
ation  variation  as  a  function  of  radiation, 
are  commonly  carried  out  using  high-dose- 
r?te  60co  gamma-ray  radiation.  It  is 
tacitly  assumed  that  testing  fibers  with 
such  high  energy  radiation  will  qive  a 
conservative  estimate  of  their  radiation 
resistance  relative  to  other  forms  of 
radiation,  e.g.  Siegel,  1984. 

We  shall  show  in  this  paper  that  the 
assumption  that  60(-o  qamma-ray  radiation  is 
the  most  severe  test  of  fibers  for  radi¬ 
ation  resistance  is  incorrect  and  that 
intermediate  energy  x-rays  are  substantially 


more  damaging  at  equivalent  total  dosage. 
We  shall  show  in  addition  that  there  is  a 
pronounced  dose  rate  dependence  on  the 
observed  attenuation  in  fibers  irradiated 
with  x-rays.  Finally  we  shall  address 
issues  related  to  why  x-rays  are  more 
damaging  vis  a  vis  gamma-rays,  and  what 
the  nature  of  the  defects  sites  is  in 
irradiated  fibers. 


Experimental 

Two  (lundred  meters  of  high  NA,  multi- 
mode,  62. 5/129  fiber  was  wound  into  cither 
3  or  8  inch  diameter  coils  and  put  on  an 
aluminum  tray  in  a  GE  industrial  x-ray 
cabinet  with  maximum  settings  of  225  kV, 

10  na .  The  irradiated  coil  of  fiber  was 
attached  to  a  longer  reel  of  fiber,  kept 
outside  the  x-ray  cabinet,  and  used  as  a 
reference  standard.  The  x-ray  source  was 
calibrated  using  a  Victorcen  rate  meter 
with  probes  capable  of  sampling  25  to  2,500 
Roentgen.  A  Laser  Precision  Corporation 
TD-9950  OTDR  was  used  to  measure  fiber 
attenuation  at  1300  and  1550  nm .  Cali¬ 
bration  of  this  instrument  against  a 
spectral  attenuation  bench  showed  readout 
differences  on  the  order  of  0.01  dB. 

Higher  temperature  experiments  were  carried 
out  usinq  a  standard  hot  plate,  the 
sidewalls  of  the  aluminum  tray  beinq 
insulated  by  cotton  and  the  top  covered 
with  a  sheet  of  mylar. 

Resu Its 


The  results  of  our  experiments  arc 
collected  in  Figures  1,  2,  3,  and  4. 

Figure  1  shows  the  reproducibility  of  our 
experiments  on  four  62.5/125  fibers  from 
different  productions,  after  exposure  to 
3,800  Rad~  at  a  rate  of  70  Rods/minuto  for 
8  inch  or  3  inch  diameter  coils  at  room 
temperature,  1300  nm .  In  Figure  2  the 
differences  in  attenuation  are  shown 
between  62.5/125  fiber  exposed  to  3,800 
Rads  with  dose  rates  varying  between  1  and 
467  Rads/minute,  together  with  qamma-ray 
data,  whereas  in  Figure  3  ttie  attenuation 
spectra  after  high  x-ray  total  dose  are 
illustrated.  Finally  in  Figure  4,  vari- 
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at  ion  in  attenuation  vis  a  function  of 
temperature  is  shown. 

Di scuss ion 


We  shall  start  the  discussion  asking  why 
gamma-rays  and  x-rays  show  such  a  largo 
difference  in  damage .  We  shall  question 
if  these  differences  can  be  explained  in 
terms  of  variations  in  mass  absorption 
coefficients  or  if  some  other  mechanism 
plays  a  role.  Next  we  shall  discuss  the 
effect  of  irradiation  rate  on  attenuation 
and  show  that  the  radiation  response 
curves  for  and  x-ray  radiation  are 

similar  in  shape  and  can  be  approximated 
by  a  first  order  rate  law  for  a  defect 
species  and  a  linear  contribution.  Next 
we  shall  show  that  differences  in  ^Co 
gamma-ray  dose  rite  do  not  seem  to  have  a 
significant  influence  on  attenuation, 
l-’inally,  we  shall  suggest  ar.  alternative 
explanation  for  the  geometry  of  an  E' 
center  using  ah  i_nit_io  Hart  roc  Feck  calcu¬ 
lations  on  the  Si  2^7  molecule. 
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Absorpt  ion  of  radiant  energy  by  alter;  - 
.  1 1  s  hinges  on  two  main  effects,  true  or 
photoelectric  absorption,  incoherent  or 
Compton,  and  coherent  or  Rayleigh  scat¬ 
tering.  Photoelectric  absorption  predomi¬ 
nates  in  the  long  and  intermediate  x-ray 
wavelength  range,  whereas  Compton  and 
Payleigh  scattering  predominate  in  the 
small,  less  than  0.0-1  Angstrom,  wavelength 
range . 


The  absorption  of  beam  intensity  passinq 
thr<  ugh  matter  depends  on  the  amount  of 
matter  and  its  chemical  composition.  Radi¬ 
ation  transmission  is  expressed  in  terms 
of  the  mass  absorption  coefficient,  u, 
which  is  equal  to  the  total  linear  ab¬ 
sorption  coefficient  divided  by  the  density 
of  the  absorber,  the  material  thickness,  t, 
the  emergent,  I,  and  incident,  beam  Iq,  by 
the  following  relation: 

I  =  IQ  exp  (-;it) 


Mass  absorption  coefficients,  which  are  a 
function  of  wavelength,  are  illustrated  in 
Figure  6  for  germanium,  silicon,  and  oxygen 
(Jenkins  and  de  Vries,  1972).  This  figure 
shows  that  beams  with  relatively  large 
wavelength  will  adsorb  substantial  amounts 
of  radiation  whereas  beams  with  wavelength 
at  or  below  0.1  Angstrom  are  almost  not 
attenuated  at  all.  In  order  to  illustrate 
this  more  clearly  we  have  calculated  the 
mass  absorption  coefficients  for  a  62.5/125 
multimode  graded-index  fiber  with  a  peak 
concentration  of  3R  weight?  GeC>2  at  differ¬ 
ent  wavelengths.  The  results  of  this 
calculation  are  shown  in  Figure  7.  Thus, 
in  the  x-ray  regime  maximum  mass  absorption 
coefficients  vary  between  64  and  0.2 
cm^/gram.  In  the  gamma  -ray  regime  or.  the 
other  hand  the  mass  absorntion  coefficients 
are  below  0.1  cm^/gram.  Thus,  in  such 
fiber,  x-rays  wil1  be  absorbed  at  peak 
value  exp(-6it)  times  more  thar  ganmi-ruys . 


Another  consideration  is  that  the  value 
of  the  mass  absorption  coefficients  differ, 
as  a  function  of  wavelength,  for  the  three 
elements  considered  in  this  study.  These 
differences  ire  large  for  the  x-ray  regime 
especially  at  1.1  Angstrom  where  germanium 
has  an  absorption  edge  and,  as  illustrated 
in  Fiqure  6,  tend  to  become  insignificant 
at  very  small  wavelength.  Thus  it  can  be 
inferred  that  though  x-rays  may  show- 
enhanced  damage  due  to  the  presence  of 
germ, mi  i  in  a  filer,  the  same  is  not 
necessarily  true  for  gamma-rays. 


The  transparency  of  optical  fibers  for 
gamma-rays  would  suggest,  that  no  attenu¬ 
ation  would  be  observed  in  fibers  exposed 
to  very  high  radiation  doses.  Given  the 
enormous  difference  in  mass  absorption,  it 
is  surprising  that  the  attenuation  differ¬ 
ence  between  x-rays  and  gamma-rays  is 
relatively  small.  Wo,  therefore,  looked 
for  an  alternative  explanation  to  account 
for  the  observed  differences  in  attenu¬ 
ation  between  x-rays  and  gamma-rays. 


In  radiation,  the  unit  of  adsorbed  dose 
is  the  rad.  This  unit  is  defined  as  the 
absorption  of  100  ergs  of  energy  per  gram 
of  target  material.  In  our  x-ray  experi¬ 
ments,  with  maximum  dose  rate  of  70S 
Rads/mmuta  ,  the  maximum  amount  of  energy 
per  minute  impinqinq  upon  a  fiber  is 
SO, 500  ergs  or  .021  Joule  'minute  .qr.it)  . 
Whereas,  .n  gamma-ray  cxpior  imonts  typically 
ten  times  as  much  enerqy  is  impinqing  upon 
the  target’.  With  the  room  temperature 
heat  capacity  of  amorphous  Gef>2  and  SiOa  ot 
44.38  .and  37.94  Joule  (mole.K)  respectively 

(Robie  et _ a  1  . ,  1979);  an  average  core 

chemical  conuxas  i  t  ion  of  the  fiber  of  18 
mole?  Gc02  and  82  mole5  SiC>2:  and  a  total 
mass  of  fiber/km  of  27  grams,  one  can 
calculate  the  degree  of  heating  of  the 
fiber.  Carrying  out  this  calculation  for 
37  meter  (about  1  gram  of  glass)  of  filler 
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indicates  that  0.57  Joules  are  needed  to 
raise  the  fiber  one  degree  in  temperature. 
Thus  irradiating  37  meter  of  fiber  for  2 
minutes  at  a  dose  rate  of  5,000  Rads/minutc 
would  increase  the  temperature  by  one 
degree.  This  heating  effect  is  not  likely 
to  affect  the  gamma-ray  experiments 
discussed  here  markedly  because  of  the 
short,  less  than  9  minute,  exposure  to 
gamma-ray  radiation. 

To  test  heating  effects  on  attenuation, 
we  decided  to  warm  a  62.5/125  fiber  on  a 
hotplate  and  determine  at  what  temperature 
the  fiber  attenuation  due  to  x-ray  irradi¬ 
ation  would  become  comparable  to  that  due 
to  room-temperature  gamma-ray  irradiation. 
The  dose  rate  used  was  70  Rads/minute  and 
the  total  dosage  3,800  Rads.  The  results 
in  Figure  4  indicate  that  the  attenuation 
after  exposure  to  3,800  Rads  of  x-rays  at 
a  temperature  of  60°C  is  about  3.6  dB/km, 
about  2  dB  lower  than  that  found  for  fibers 
exposed  to  °°Co  gamma-rays  for  the  same 
total  dose.  Linear  extrapolation  of  our 
x-ray  data  to  6  dB  loss  suggests  that  if 
one  heats  a  fiber  between  30°  and  40°C; 
and  irradiates  the  fiber  with  a  dose  rate 
of  70  Rads/minute  at  a  total  dosage  of 
3,800  Rads  one  will  get  an  attenuation 
comparable  to  that  of  gamma  irradiated 
fibers  with  variable  dose  rate  at  the  same 
total  dosage. 

Attenuation  Processes  in  Fibers  Exposed  to 
Gamma  and  X-rays 

The  difference  between  gamma-ray  and 
x-ray  experiments  are  most  clearly  seen  in 
Figure  2.  The  attenuation  versus  total 
dose  curves  in  this  fiber  can  be  broken 
down  into  two  contributions,  one  of  which 
has  a  linear  dose  dependence  and  the  other 
a  higher-order  dependence. 

Inspection  of  Figure  2  shows  that  the 
x-ray  attenuation  as  a  function  of  total 
close  approaches  a  straight  line  at  low- 
dose  rates.  In  addition,  at  higher  doses 
such  linear  dependence  persists  with  an 
increasingly  greater  slope.  Surprisingly, 
the  .single  gamma-ray  experiment  for  which 
wo  have  attenuation  data  as  a  function  of 
time  during  irradiation  also  shows  a 
straight  line  which  nearly  coincides  with 
the  limiting  line  of  the  x-ray  experiments. 
We  postulate  that  this  1  inear  dependence 
reflects  the  scattering  contribution  to  the 
overall  absorption  of  radiant  energy, 
whereas  the  non-linear  part  indicates  the 
"true"  or  photoelectric  absorption.  This 
assignment  of  the  non-linear  contribution 
to  photoelectric  absorption  is  based  on  the 
known  predominance  of  this  type  of  ab¬ 
sorption  for  intermediate  wavelength  x-rays, 
and  the  observed  attenuation  curves  in 
Figure  2  for  x-ray  irradiated  fibers. 

Supporting  evidence  for  these  two  types 


of  absorption  comes  from  comparing  the 
attenuation  of  fibers  before  and  after 
irradiation  as  illustrated  in  Figure  H. 

In  this  figure  the  ratio  of  the  attenu¬ 
ation  before  and  after  irradiation  is  shown 
as  a  function  of  wavelength.  Rather  than 
showing  a  straight  horizontal  line,  i.e.  i 
homogeneous  decrease  in  transmission  of  the 
fiber  upon  irradiation,  this  figure  shows 
a  wavelength  region  around  1100  nm  where 
this  ratio  is  smallest.  At  the  smaller 
wavelength  side,  as  well  as  the  longer 
wavelength  side,  damage  due  to  irradiation 
increases.  For  comparison,  a  straight 
horizontal  line  is  drawn  in  Figure  8 
depicting  homogeneous  complete  recovery 
after  irradiation.  The  increase  of  loss 
in  the  short  wavelength  region  is,  as  is 
well  known,  due  to  the  formation  of  color 
centers  affecting  the  L'V  edge  of  the 
spectrum.  This  non-linear  part  reflects 
the  generation  of  E'  centers  and  follows 
a  first  order  rate  law  of  l-exp(-t) .  For 
the  longer  wavelength  side,  this  result 
is  surprising.  It  indicates  that  vibra¬ 
tional  states  are  affected  by  radiation. 
Comparing  this  with  the  ^Co  attenuation 
curve  in  Figure  2  shows  that  these  vibra¬ 
tional  states  are  predominantly  affected 
by  gamma  rays.  As  the  three  ”°Co  gamma- 
ray  attenuation  results  in  Figure  2  show, 
these  states  are  dependent  on  total  dosage 
but  not  on  irradiation  rate. 

Additional  evidence  for  these  two  typos 
of  absorption  mechanisms  comes  from  com¬ 
paring  attenuation  at  1300  and  1550  nm  as 
illustrated  in  Figure  9.  Here  we  show, 
that  at  a  high  x-ray  dose  rate,  the  attenu¬ 
ation  at  1300  nm  is  higher  than  at  1550  nm , 
up  to  a  total  dose  of  3,800  Rads.  However 
at  a  low  dose  rate,  the  attenuation  at  1550 
nm  increases  more  rapidly  than  that  at  1300 
nm.  The  attenuation  crosses  over  after 
exposure  to  2,100  Rads  (3.7  Rads/minute) 
and  120  Rads  (1  Rad/minute).  We  infer  from 
these  results  that,  at  low  x-ray  dose  rates, 
Compton  and  Rayleigh  scattering  become  more 
prominent  vis  a  vis  photoelectric  ab- 
sorpt i on . 

A  consequence  of  the  differences  in 
attenuation  mechanism  between  fibers 
irradiated  with  gamma-rays  and  x-rays 
miqht  be  that  recovery  rates  are  different. 
However  this  turns  out  not  to  be  the  case 
as  Fiqure  10  illustrates.  In  this  figure 
recovery  rates  are  illustrated  for  gamma 
and  x-ray • irradiated  fibers.  The  recovery 
rates  of  the  gamma-ray  irradiated  fibers 
are  similar  to  one  another  and  to  those 
observed  for  the  x-ray  irradiated  fibers. 
This  reflects  a  similarity  in  time  de¬ 
pendence  of  the  relaxation  process. 

The  Nat  ire  of  the  E'  Center 

As  discussed  above,  x-ray  attenuation 
depends  on  dose  rate,  exhibits  primarily 
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photoelectric  absorption,  and  is  the 
primary  agent  for  the  generation  of  E' 
centers.  In  order  to  get  some  better 
insight  into  the  nature  of  these  defects, 
we  carried  out  some  Hartree-Fock  calcu¬ 
lations  on  a  HgSijO-^  molecule. 

The  current  model  regarding  E1  defect 
centers  in  silicas  entails  the  removal  of 
a  bridging  oxygen  atom  from  Si-O-Si  or 
Si-O-Ge  linkages.  Concomitant  with  this 
removal  of  an  oxygen  atom,  one  of  the 
silicon  atoms  moves  into  the  plane  of  the 
three  remaining  oxygen  atoms  becoming 
trigonally  coordinated.  The  other  silicon 
atom  remains  approximately  in  its  tetra¬ 
hedral  position.  The  unpaired  electron 
resides  on  the  latter  atom  (Griscom,  1986) 
As  we  have  shown  previously  (de  Jong  and 
Brown.,  1980),  bending  of  Si-O-Si  linkages 
actually  decreases  repulsion  between 
silicon  atoms  resulting  in  metal -metal 
bond  formation.  In  order  to  test  this 
hypothesis,  we  carried  out  some  ab  initio 
Gaussian  82  molecular  orbital  calculations 
on  the  closed  shell  HgS^O-  and  1153120^  +  2 
molecules  [ s 1 1 1  eon-oxygen  bond  distance, 
d  (S  l-O)  =  1  .  6  2  Angstrom,  Si-O-Si  angle:  1-10 
degrees)  using  a  minimum  basis  set.  Some 
preliminary  results  of  these  calculations 
are  reported  here. 


Attenuation  of  optical  fibers  upon 
irradiation  is  caused  by  photoelectr ic 
absorption  and  Compton  and  Rayleigh 
scattering.  Photoelectric  absorption, 
primarily  associated  with  x-ray  irradiation 
causes  substantial  attenuation  upon 
irradiation,  and  is  strongly  dose  rate 
dependent.  Compton  and  Rayleigh  scattering 
increase  linearly  with  total  dosage  and 
are  primarily  associated  with  60co  gamma 
irradiation.  Recovery  curves  show  that 
gamma-ray  irradiated  fiber  and  x-ray 
irradiated  fiber  recover  at  similar  rates. 
It  is  also  possible  that  E'  centers  may  be 
generated  by  formation  of  metal-metal 
bonding  between  silicon  or  germanium  atoms. 
More  calculations  need  to  be  carried  out 
to  confirm  this  conclusion. 
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Figure  1  .  Attenuation  at  1300  r.m  of  multi- 
mode,  high  NA,  62.5/125  fiber  irradiated  at 
room  temperature  with  70  Rads/min  x-rays 
for  a  total  dose  of  3,800  Rads.  Three  of 
the  fibers  were  wound  in  an  8  inch  coil, 
one  in  a  three  inch  coil. 
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Figure  3.  Attenuation  at  1300  run  of  multi- 
mode,  high  NA,  62.3/125  fiber  irradiated 
at  room  temperature  with  varying  dose 
rates  and  varying  total  dose. 


Figure  2.  Attenuation  at  1300  nm  of  multi¬ 
node,  high  NA,  62.5/125  fiber  irradiated  at 
room  temperature  with  varying  dose  rates 
for  a  total  dose  of  3,800  Rads.  The  neutron 
flux  for  the  mixed  neutron  and  gamma-ray 
experiment  is  7  10**  neu  t  rons/em^  .  sec  . 


Fiqure  4.  Attenuation  at  1300  nm  of  multi¬ 
mode,  high  NA,  62.5/125  fiber  irradiated  at 
different  temperatures  with  70  Rads/min 
x-rays  for  a  total  dose  of  3,800  Rads. 
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Figure  7.  Mass  absorption  of  a  graded 
index,  multimode,  high  NA  62.5/125  fiber 
as  a  function  of  radius  and  wavelength. 
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Figure  6.  Mass  absorption  coefficients 
for  germanium,  si  I  icon,  and  oxygen  as  a 
function  of  wavelength. 
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Figure  8.  Attenuation  ratio  for  fiber 
before  and  after  x-ray  irradiation  as  a 
function  of  wavelength.  Horizontal  straight 
lines  indicate  homogeneous  attenuation  over 
the  whole  wavelength  ranqe.  The  particu¬ 
lar  line  drawn  here  at  a  ratio  of  1  depicts 
complete,  homogeneous  recovery  after 
i rrad ia t ion . 
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Figure  9.  Attenuation  at  1300  and  1500  nm 
of  multimode*,  high  NA,  62.5/125  fiber 
irradiated  with  different  dose  rates. 
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Figure  10.  Recovery  of  multimode,  high  NA, 
*>2. 5/123  fiber  after  irradiation  at 
different  total  dose  with  x-rays,  gamma- 
rays,  and  mixed  neutron-gamma  rays. 
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Summary 

Germanium-doped  optical  fibers  free  from  metal 
impurities  such  as  phosphorus  or  alkalies  were 
found  to  have  good  resistivity  to  r  -ray  exposure. 
The  induced-losses  were  dependent  on  the  dose  rate, 
and  a  similar  behaviour  to  those  of  multi-mode 
fibers  with  pure  silica  cores.  The  germanium-doped 
graded-index  optical  fibers  having  high  radiation 
resistivity  and  bandwidth  could  be  easily  fabri¬ 
cated  by  YAI)  process,  which  allowed  obtaining 
radiation  resistant  cables  used  for  transmission 
systems  with  large  information  capacity  in  reasona¬ 
ble  cost.  In  practice  the  graded- index  fibers  wore 
put  into  a  optical  cable  which  possessed  the  resis¬ 
tance  to  heating  test  of  I-M°C,  1b8  hours,  and  the 
minimized  bend- loss  increases  were  investigated. 


1  .  int  rod u  ct ion 

Recently  transmission  systems  with  optical  fibers 
have  been  applied  to  process  control  in  nuclear 
power  plants.*  In  the  optical  fibers  employed  for 
the  systems,  the  multi-mode  step-index  design 
having  pure  silica  glass  core  was  preferred  for  the 
reasons  of  high  radiation  resistivity  and  enough 
bandwidth  to  transmit  the  informations  in  local 
area.  Future  optical  fiber  systems  used  for  the 
radiation  environments,  however,  will  require 
larger  information  capacity  than  those  employing 
conventional  step-index  optical  fibers  with  pure 
silua  cores.  For  the  increase  of  information 
capacity,  the  radiation  resistivity  of  germanium- 
doped  graded- index  fibers  is  significantly  improved 
in  the  present  paper  since  those  fibers  having  much 
higher  bandwidth  than  that  in  multi-mode  step-index 
fibers  can  be  easily  fabricated  by  VAD  process. 

I'he  optical  cable  employing  the  rad  iat  ion-res  i  scant 
graded-index  fibers  with  germanium-doped  cores  is 
also  described. 


2  .  _  Ex  peri  me  rit  a  1 

A  schematic  diagram  of  the  apparatus  for  the 
measurements  of  7  -ray  induced-loss  is  shown  in 
Kig.1.  I  he  growth  * » t  the  induced-loss  at 
was  measured  "in  situ"  during  irradiation  at 

Jf)  JVC.  The  light  intensity  put  in  the  libers 
was  S  n  at  t'.H'i  '•  . 


Fig. 1  Schematic  diagram  of  the  apparatus  for  the 
measurement  of  the  7  -ray  induced-loss 


3.  Results  and  Discussion 
3.1  Radiation-resistant  graded-index  fibers 

Multi-mode  step- index  fibers  in  which  core  and 
cladding  composition  were  pure  silica  and  boron, 
fluorine  co-doped  silica  respectively  had  the 
highest  resistivity  against  F -ray  in  silica  fibers. 
Increase  of  the  r  -ray  induced-loss  was  dependent 
on  dose  rate,  and  very  small  even  under  the  high 
dose  exposure  in  the  step-index  fibers  as  shown  in 
Fig. 2.  But  the  bandwidth  (—30  MHz* km)  in  the  step- 
Midex  fibers  was  much  smaller  than  that  (—1.5  GHz* 
km)  in  graded-index  fibers. 


Dose  (rads) 


l  Inere.ise  el  tin-  r  -ray  induced-loss  of  tile 

Step-index  ( mu  1 1 i -mode )  l  iber  with  pure 
s  i  I  ie.l  enre 
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Although  conventional  graded-index  fibers  with 
go rtr.an I un-doped  cores  showed  low  loss  «md  high 
bandwidth  at  0.83  and  1.3/jin,  the  radiation  resis¬ 
tivity  of  those  libers  had  been  reported  to  be 
much  lower  than  that  of  the  step-index  libers  with 
pure  silica  cores.  To  improve  the  characteristics, 
three  kinds  of  germanium-doped  graded-index  libers 
(core  and  cladding  diameter;  30  and  123/<m  res¬ 
pectively,  +  1.0")  were  fabricated,  and  irradi¬ 

ated  bv  p-ray.  First  graded- index  liber  with 
germanium  and  phosphorus  co-doped  core  lubricated 
bv  MCVI)  process  showed  the  induced- loss-increases 
in  proportion  to  dose,  which  were  independent  on 
the  dose  rate  as  shown  in  Fig. 3.  The  induced- 
losses  in  second  gruded-index  fiber,  which  consists 
of  germanium  doped  core  part  fabricated  by  VAD 
process  and  cladding  part  of  jacketed  natural 
silica  tube,  are  shown  in  Fig. 3.  They  are  also 
approx  in:at  e  ly  proportional  to  dose  and  slightly 
dependent  on  dose  rate.  While  third  graded- index 
fiber  with  the  same  germanium  doped  core  part 
fabricated  by  VAD  process  and  jacketed  with  synthe¬ 
tic  silica  tube  as  cladding  part  showed  -ray 
induced- loss- increases  which  were  non-proport  ion 
to  dose  and  dependent  or.  tile  dose  rate  as  shown  in 
F  i  g .  A  . 
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Dose  (rads) 


.3  Incivas^  of  tin  /'  -ray  i iniuced- 1  oss  ot 
the  graded- index  fibers  fabricated  by 
, - 1  ycyn  ,,n,l  ( — •  -  1  YAi)  pr.".-»:ss 


[  i .  *  Increase  of  tin*  X  -ray  induced- 1  oss  ot  I  lie 
graded  index  fibers  with  germanium-doped 
silica  core  fabricated  by  VAD  process  and 
synthetic  silica  cladding. 

I  he  flashed  curves  represent  the  increases 
ext rapo I  a  t  ed  . 


The  characteristics  of  r -ray  induced-loss  in 
first  graded- index  fiber  was  found  to  result  in 
the  structural  change  of  Si(),~GeO>  core  glass  due 
to  th  presence  of  phosphorus,  that  deteriorated 
the  resistivity  against  f-rav,  with  electron  spin 
resonance  >  1  lie  induced-losses  in  second 

gruded-index  fiber  with  germanium-doped  core  part 
and  natural  silica  cladding  part  were  a  similar 
behavior  to  that  of  first  graded-index  fiber 
although  no  phosphorus  was  contained  in  second 
fibers.  Some  impurities  which  played  a  role 
similar  to  phosphorus  were  therefore  assumed  to 
exist  in  the  german i urn-doped  core  part  of  second 
fiber  with  natural  silica  cladding.  Impurities  in 
natural  and  synthetic  silica  tubes  were  determined 
by  activation  analysis  and  atomic:  absorption 
spectrometry  as  summarized  in  Table  1.  Concentra¬ 
tion  of  metal  impurities  such  as  sodium,  potassium, 
and  aluminium  in  the  former  was  much  higher  than 
that  in  the  latter.  Additionally  the  migration  of 
impurities  from  the  jacketed  natural  silica  tube 
to  synthesized  core  part  was  investigated  by 
secondary  ion  mass  spectrometry.*  Sub  ppm  of 
sodium  and  potassium  was  found  in  the  core  part  of 
second  graded-index  fiber  jacketed  with  natural 
silica  tube  while  not  detected  in  that  of  third 
graded-index  fiber  jacketed  with  synthetic  silica 
tube.*  The  impurities  were  presumed  to  have 
migrated  by  heating  during  the  drawing  process, 
file  presence  of  alkali  elements  in  SiOj-GeOj  core 
glass  would  also  cause  the  structural  change  to 
lower  the  radiation  resistivity. 


fable  1  i  eact  :ii  rat  ion  of  impurities  in  natural 


and 

svmhet 

e  s  i  1  i 

a  tube 

Type 

Impurities  (ppm) 

Al 

Ti  Fe 

Co 

Cr 

Na 

K 

Cl 

Natural 

silica 

C--J 

5  0.20 

<0.02 

<0.10 

3.5 

1.0 

3 

Synthetic 

silica 

<0.04 

_ 

<1  0.15 

<0.02 

<0.10 

0.04 

0.001 

1000 

Na.  Cl :  activation  analysis 

Other  elements:  atomic  absorption  spectrometry 


Whereas  third  graded-index  l  Lber  with  cladding 
part  of  jacketed  synthetic  silica  tube  free  from 
the  impurities  showed  X  -ray  induced- loss  increases 
which  wert*  dependent  on  the  dose  rate  and  a  similar 
behavior  to  those  of  pure  silica  core  fibers  as 
shown  in  Fig. 2  and  A.  ibis  seemed  to  be  resulted 
f rom  tlie  same  valency  til  silicon  and  germanium  atom 
in  glass  network. 

From  the  above  results, the  german i urn— doped 
graded-index  fiber  free  from  the  impurities  which 
had  low  loss  (2.3  and  ().4  >  dli/kn  at  0.8  i  and  1.3'! 
respectively)  and  high  bandwidth  (1.2  (>tlz*km)  was 
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found  to  show  good  resistivity  against  y  -ray. 

The  dependence  of  y  -ray  induced- loss  at  0.83  /« in 
after  10*4  rad  of  the  irradiation  on  the  dose  rate 
are  shown  Fig.  5  in  third  graded- index  fiber.  By 
the  extrapolated  curve,  negligible  loss  increases 
at  0.85  i*  m  are  expected  even  after  I0*4  rad  of 
r-ray  irradiation  in  the  radiation  environments 
of  dose  rate  of  less  than  1  rad/hour.  In  addition 
the  loss  spectra  after  2  x  10-*  rad  of  T  -ray 
irradiation  are  shown  in  Fig. 6.  The  <  -ray  induced- 
loss  at  1 .  3  >i  m  was  decreased  about  one  order  of 
magnitude  compared  to  that  at  0.85/*  m  in  third 
graded- index  fiber.  The  use  of  1 . 3 u  m  band  is 
therefore  of  greater  advantage  than  that  of  0.85/?  m 
in  optical  transmission  systems  for  the  radiation 
environments  of  high  dose  rate  of  more  than  10- 
rad /hour . 


Dose  rate  (rad  '  hour) 


V  i  g .  5 


Peper.donco  of  the  induced- losses  after 
Ui4  rads  exposure  on  the  douo  rate. 

The  dashed  curve  represents  the  inducej- 
loss  extrapolated. 


-  After  -  r.ay  ;000  rads 

irracinfion 

- Initial 


Dose  rate. 50  red  *iour 


Fig. 6  I.oss  spectra  of  the  graded- index 

fibers  with  synthetic*  SiO^-CcO^  core 
and  SiO^  cladding 


3.2  Performance  of  radiation-resistant  optical 
cab  1  e 

A  non-metal ic  type  cable  in  which  the  radiation 
resistant  graded-index  fibers  were  put  has  been 
experimentally  manufactured.  Cross  sectional  views 
of  this  cable  is  shown  in  Fig. 7.  All  cable 
materials  were  flame  retardant,  b  nylon  coated 
fibers  and  spacers  were  stranded  together  around  a  I 
2.5  mm  diameter  FRP  on  which  flame  retardant  non- 
corrosivc*  PVC  was  sheathed.  Outer  diameter  of 
cable  was  1  1  mm  and  the  weight  was  100  kg/cm. 

Transmission  loss  change  during  cable  manufactur¬ 
ing  process  was  negligible  small  as  shown  in  Pig.P. 


Spacer 

Optical  fiber 

Tension  member 
(PVC  sheathed  FRP) 

Wrapping 
Buffer  layer 

Sheath(flame  retardant 
noncorrosive  PVC) 


Fig.  7  Cross  sectional  views  of  experimentally 
manufactured  cables 


(1.x  f>  <<  m 


Coated  Strandmq  PVC  Sheath 
Fiber 

Fig. 8  Transmission  loss  change  during 
cable  manufacturing  process 


In  case  of  applying  optical  fiber  cables  to  radi¬ 
ation  environments,  some  other  characteristics  were 
needed  excel t  for  the  initial  transmission  and 
radiation  characteristics.  Heating,  flame  retar¬ 
dant,  and  mechanical  tests  were  carried  out  in  the 
radiation  resistant  optical  cable. 

(i)  Heating  test;  the  cable  sample  of  300  m  in 
length  was  heated  at  121°C  for  168  hours.  The 
accelerated  deter iorat  ion  conditions  correspond  to 
the  life  time  of  a  common  nuclear  power  plant.  The 
obtained  results  arc  shown  in  Table  2.  The  bend- 
loss  increases  were  less  than  0.07  dB/km  at  0.85/*m. 
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Table  3  Loss  increases  after  the  heating 
test 


til)  Vertical  tray  flame  test;  t  •>  cable  sample 
of  J  .4  m  in  length  was  mounted  on  the  vertical 
tray  flame  test  apparatus  as  shown  in  Fig. 9.  l'he 
method  employed  was  in  accordance  with  JI:KK383-1974. 
The  cable  was  impaired  to  0.7-  0.9  n  in  length 
above  the  torch  after  the  flame  was  set  on.  The 
flame  with  the  optical  cable,  however,  did  not 
reach  the  upper  end  of  it  and  disappeared  itself 
when  propane  gas  introduced  in  the  torch  was  turned 
off.  The  obtained  results  satisfied  the  above 
standard . 

(iii)  Mechanical  tests'*  ;  such  as  tensile,  vibra- 
t ion  bending,  twisting,  compression,  impact,  and 
pulling  on  pulley  were  carried  out  in  the  optical 
cable.  No  loss  increases  was  found  after  the 
mechanical  tests. 


4 .  Cone  1 u  s i ons 

The  present  study  has  shown  that  T  -ray  induced- 
losses  in  german  i  uni-doped  graded- index  fibers  fn. 
from  metal  impurities  were  dependent  on  the  dose 
rate.  The  loss  increases  at  0.8>.*«m  were  estimate* 
to  he  negligibly  small  even  after  tO*  rad  of  the 
’rradiation  if  the  germanium-doped  fibers  were 
■xposed  to  t  -ray  of  dose  rate  of  less  than  lrad/ 
'our.  When  the  graded- index  fibers  having  high 
oandwidth  and  radiation  resistivity  were  put  into 
the  optical  cable  and  subjected  to  the  heating  test 
of  121 ’C,  168  hours,  the  maximum  bend- loss  i nr  roust 
was  less  than  (1.07  dB/km  at  0.85  n  m .  The  optical 
cables  would  allow  design  of  transmission  systems 
with  large  information  capacity  in  radiation 
onv i ronment s . 
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ABSTRACT 

Hydrogen  contamination  of  optical  fiber  can  cause 
increased  transmission  loss  due  to  enhanced  H2 
and/or  -OH  absorptions.  It  might  originate 

inside  a  cable  from  either  electrochemical 
reactions  of  metals  of  from  degradation  of  organic 
compounds.  This  work  is  confined  to  the  latter 
pathway,  which  could  hate  long  term  implications  on 
fiber  reliability,  particularly  in  harsh  loop 
environments.  Hydrogen  outgassing  was  determined 
by  gas  chromatography  with  a  lower  limit  of 
detectability  of  2  x  10-3  ul.  Cable  components 
such  as  UV-cured  acrylate  protective  coatings  and 
waterproofing  filling  compounds  emitted  small  but 
variable  amounts  of  hydrogen  when  heated  in  air. 
We  believe  that  the  primary  mechanism  of 
degradation  is  thermal  oxidation,  and  suggest  that 
hydrogen  is  the  product  of  a  little-known 
intramolecular  reaction  of  peroxides  to  split  out 
the  gas  in  moderate  yield.  We  conclude  that 
organic  materials  that  are  well  stabilized  against 
thermal  oxidation  might  be  protected  against 
hydrogen  outgassing  as  well. 


INTRODUCTION 


pedestal  and  direct  buried  plant  might  be  more 
exposed  to  the  outside  environment.  Therefore,  the 
issue  of  long  term  stability  of  cable  components 
with  regard  to  hydrogen  generation  in  the  local 
loop  is  likely  to  be  of  great  importance  to  those 
planning  such  installations  in  the  future. 

Although  there  are  scattered  references  to  hydrogen 
generation  by  organic  materials  within  optical 

cables9-12,  the  experimental  conditions,  results 

and  conclusions  vary  widely  and  consequently  are 
confusing.  For  instance,  some  investigators  have 

measured  hydrogen  on  cast  films  rather  than  actual 
coated  fiber*®**  *,  while  others  have  determined 
the  gas  at  temperatures  that  do  not  even  closely 
simulate  actual  cable  environments.  Since  the 
reported  measurements  of  hydrogen  evolution  range 
over  several  orders  of  magnitude,  it  is  difficult 
to  decide  whether  or  not  significant  accumulations 
will  occur  over  the  life  of  installed  cable.  On 
the  other  hand,  several  research  groups  have 
exposed  glass  fiber  to  hydrogen-containing 
atmospheres  and  carefully  measured  transmission 

losses  as  a  function  of  time  and  partial  pressure 
of  the  gas.6,7,13,14  Rush13,  et  al.,  for 

example,  have  determined  that  a  lower  limit  of  0.1 
atmosphere  of  hydrogen  would  be  required  for  any 
long  term  increase  in  attenuation  of  a  single  mode 
optical  fiber.  Accordingly,  we  wanted  to  determine 
whether  that  minimum  would  be  approached  or 
surpassed  by  any  cable  constructions  currently  on, 
or  destined  for,  the  market. 


It  has  been  established  that  internal  components  of 
optical  fiber  cables  can  generate  hydrogen  gas, 
either  from  electrochemical  corrosion  of  metals  or 
thermal  deterioration  of  organic  materials. 
The  latter  pathway  is  of  particular  concern  because 
few  of  the  chemical  details  have  been  worked  out. 
Since  it  is  known  that  hydrogen  can  diffuse  into 
glass,  a  phenomenon  known  to  increase  transmission 
loss4-7,  the  long  term  reliability  of  installed 
optical  fiber  could  be  affected.  There  are  two 
distinct  types  of  hydrogen-related  absorption 
losses8,  namely,  (1)  those  resulting  from 
molecular  hydrogen  trapped  at  interstitial  sites  in 
the  silica  network  and  (2)  those  due  to  chemical 
reaction  of  hydrogen  with  oxygen  atoms  to 
form  -OH  groups.  Although  the  first  mechanism  is 
reversible,  the  second  is  permanent  and  becomes 
significantly  more  pronounced  at  higher 
temperatures.  The  operating  telephone  companies 
are  currently  installing  optical  cable  along  major 
trunk  routes  and  eventually  will  extend  it  to  the 
local  loop.  Long  distance  and  trunk  installations 

are  usually  protected  from  the  weather,  but  aerial, 


In  most  cases  the  emphasis  on  possible  hydrogen 
sources  has  focused  on  the  organic  protective 

coating  over  the  glass  fiber  itself,  probably 
because  the  problem  first  surfaced  with  certain 
silicone  coatings.  We  were  more  concerned, 

however,  with  ail  organic  materials  within  typical 
optical  cables,  including  not  just  the  UV-cured 
acrylate  coatings  but  also  the  waterproof  filling 
compounds,  buffer  tube  materials  and  other  plastic 
supports,  substrates,  and  core  wraps.  To  what 
extent  do  they  participate  in  filling  the  cable 
with  small  amounts  of  hydrogen  over  long  lengths  of 
time?  Do  any  of  these  polymers  show  induction 
times,  where  larger  amounts  of  the  gas  might  arise 
sometime  later  rather  than  those  encountered  in 
short  term,  high  temperature  screening  tests?  What 
is  the  mechanism  of  hydrogen  formation  and  can  ways 
be  devised  to  minimize  it?  For  all  these  reasons, 
we  have  examined  optical  cables  from  various 
manufacturers,  as  well  as  several  random  polymeric 
materials,  in  order  to  decide  whether  long  term 
hydrogen  contamination  might  be  a  potential  field 
problem. 
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EXPERIMENTAL 

Samples 

Coated  glass  fibers  and  filling  compounds  were 
obtained  from  a  variety  of  manufacturers,  generally 
in  the  form  of  optical  cable.  Samples  were  removed 
from  the  cable  for  testing  unless  otherwise  noted. 
While  most  of  the  samples  examined  are  commercially 
available,  they  may  or  may  not  represent  actual 
products  used  in  the  current  market.  A  random 
selection  of  polymers  and  long  chain  alkanes  was 
also  examined.  All  cable  components  tested  are 
listed  in  Table  I. 


TABLE  I 

Identification  of  Samples  Analyzed  for  H-,  Generation 


Sample 

QflllaU  Elltu 

1.  A 

2.  B 

3.  C 

4.  D 

5  E 

6.  F 

7.  G 

8  H 

9.  I 

10.  J 

11.  K 

filling  Camjuuuuli 

1.  A 

2.  B 

3.  C 

4.  D 

5.  E 

6.  F 


T>ne 


Source 


cable 

cable 

cable 

cable 

cable 

cable 

cable 

cable 

fiber  sample 
fiber  sample 
fiber  sample 


Field  installed 
uninstalled 


petrolatum  (silicate  filled! 
oil  extended  TPR 
oil  extended  TPR 
silicone  oil  based 

low  molecular  weight  polvisobutene 
petrolatum  (silicate  filled) 


Hvdroeen  Analysis 

Hydrogen  generation  was  monitored  by  withdrawing 
500  microtiters  via  syringe  from  the  headspace  of 
300-500  mg  samples  contained  in  2,  5,  or  50  ml 
vials.  The  vials  were  sealed  by  crimping  with 
polytetraf  luoroethylene-lined  silicone  septa. 

Empty  vials  as  well  as  those  containing  an 
equivalent  amount  of  bare  glass  fiber  were  sampled 
concurrently  with  vials  containing  coated  fiber 
samples  to  serve  as  controls.  The  syringe  full  of 
gas  was  injected  into  a  Shimadzu  GC  9A  gas 

chromatograph  equipped  with  a  thermal  conductivity 
detector  (TCD).  The  analysis  was  performed  under 
the  following  conditions:  column,  6  feet  by  1/8 

inch  SS  packed  with  5A  molecular  sieves  or  80/100 
mesh  Carbosphere  at  35°  C  and  an  Argon  carrier 


gas  flow 

rate 

of 

30 

ml/min;  detector. 

125°  C; 

injection 

port. 

125° 

C. 

Hydrogen  was 

identified 

by  comparison 

of 

its 

retention  time 

with  that 

obtained 

f  rom 

samples 

of  pure  H2 

(Alltech 

Associates  Calibration  Gas;  100%  H2,  lOOOppm  H2 

in  N2,  and  lOOppm  H2  in  N2).  The  peak  was 
further  confirmed  by  changing  the  carrier  gas  from 
argon  to  helium  to  look  for  changes  in  the  relative 
thermal  conductivity  of  the  hydrogen  peak.  A 
sample  of  optical  fiber  and  one  of  filling  compound 


were  analyzed  by  mass  specie. «etry.  The  technique 
consisted  of  placing  a  weighed  amount  of  each 

sample  in  a  quartz  chamber,  evacuating  the  system 
to  better  than  10’”  mm,  and  heating  to  100°  C 

for  ten  minutes.  The  evolved  gases  were  collected 
and  analyzed.  Sampling  continued  until  a  constant 
hydrogen  level  was  reached  or  no  more  H2  could  be 
detected. 

The  effect  of  oxygen  on  the  rate  of  hydrogen 
evolution  from  fiber  C  and  filling  compound  F, 

which  generate  relatively  substantial  amounts  of 
H2  over  a  short  period  of  time,  was  monitored. 
Samples  were  placed  in  standard  head  space  vials 
and  one  set  of  samples  was  kept  in  a  N2 

environment  and  another  in  CK.  At  the  beginning 
of  the  test  period,  each  vial  contained  at  least 
95%  of  the  desired  gas  as  determined  by  GC. 


RESULTS  AND  DISCUSSION 
Hvdroeen  Analysis 

A  typical  chromatogram  of  the  headspace  above  a 
coated  fiber  which  had  been  aged  for  three  weeks  at 
100°C  is  shown  in  Figure  1.  It  shows  the 

presence  of  two  sharp  peaks  with  retention  times 
separated  by  only  0.15  minutes.  Peak  I  was 
tentatively  identified  as  helium.  Published 

chromatograms  1  of  fiber  coatings  aged  in  He  also 
showed  two  peaks  separated  by  that  same  retention 
time.  The  chromatograms  from  the  control  samples 
which  contained  air  or  bare  fiber  exhibited  a 

similar  peak.  Even  an  injection  of  500  ul  of 

laboratory  air  yielded  a  peak  with  a  comparable 
retention  time,  accounting  for  0.04%  of  the  total 

area.  In  a  few  cases,  the  He  area  fraction  was  as 
high  as  0.3%,  although  there  is  no  obvious 

explanation  why  this  number  should  differ  from  the 
above  control  samples.  In  fact,  one  would  not 
expect  to  see  this  peak  at  all  since  He  only 

occupies  0.0005%  of  total  air  volume.  This 
apparently  anomalous  finding  is  not  understood  by 
us  at  present. 


Sample 

—  Optical  fiber 
—  3  weeks  at  100°C 
Detector 

—Thermal  conductivity 
Column 

—  Molecular  sieve 
Carrier  gas 
—  Argon 


< 

cc 


o 

u 


PEAK  2 


PEAK  1 

— M 


TIME - ► 


FIGURE  1 
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Peak  2  was  ascribed  to  hydrogen  by  comparison  with 
the  retention  time  of  of  a  known  sample.  The 
minimum  detectable  amount  was  determined  to  be  2  x 
10  J  ul.  To  further  verify  the  assignment,  a 
change  of  carrier  gas  from  argon  to  helium  resulted 
in  the  expected  diminution  of  the  area  of  Peak  2 
and  reversal  in  its  direction.  An  independent  mass 
spectrometer  analysis  also  confirmed  that  the 
headspace  sample  contained  hydrogen,  although  it 
was  quantitatively  ambiguous  because  the  method 
itself  generated  background  hydrogen. 


Hydrogen  Outgassine  from  Organic  Materials 
Figure  2  illustrates  a  problem  that  was  never  fully 
solved,  namely,  the  slow  escape  of  hydrogen  from 
the  septum-sealed  glass  containers.  Accordingly, 

our  reported  amounts  of  the  gas  are  probably 
understated  from  those  that  were  actually  evolved. 
The  volumes  of  gas  generated  from  optical  fiber 
coatings  were  varied  but  small,  depending  on  the 
cable  manufacturer,  design  and  vintage.  Table  2 

shows  that  as  little  as  no  (<0.01  ul/g)  to  as  much 
as  several  hundred  ul/g  were  measured  for  coated 
fibers  aged  at  100°  C  for  time  periods  up  to 
about  one  month.  In  a  few  cases,  hydrogen  was 
generated  initially  but  subsequently  ceased 
evolution.  In  others,  an  induction  time  was 
necessary  before  the  gas  was  detected.  The  table 
also  lists  the  quantities  of  hydrogen  produced  by 
several  waterproof  filling  compounds.  They  were 

all  based  on  either  petrolatum,  thermoplastic 
rubber  or  silicone  oil,  and  three  of  the  five  did 
not  give  off  any  detectable  hydrogen.  One  of  the 


TABLE  2 


Amount  (ul/|)  of  H,  Evolved  from  Opttul  Fiber  Coitiop 
or  Waterproof  FilfiQ|  Compound  titer  Aging  tt  100*C 


PILLING  COMPOUNDS 


ND 
0  6 


ND  *  Not  Detected  (<  2*10  ul) 


other  two,  however,  evolved  close  to  1  ml/g,  which, 

when  combined  with  the  fact  that  relatively  large 
amounts  of  this  ingredient  are  incorporated  into 
the  cable,  could  represent  a  serious  source  of  the 

contaminant. 

Table  3  compares  the  results  of  this  work  with 
others  in  the  literature.  The  most  noteworthy 

conclusion  is  the  great  variability  in  numbers. 

For  example,  the  data  published  by  Aoki  «  et  al. 
were  much  larger  than  the  others  (ee.,  730  vs.  0-S6 
ul/g),  while  those  from  Okagawa1  ,  et  al.  seem 
markedly  smaller.  Presumably  these  differences 
result  from  dissimilarities  in  experimental 
conditions,  materials,  cable  geometries  and 
analytic  techniques.  Especially  interesting  is  the 
large  difference  in  the  amounts  of  hydrogen 
generated  from  cured  films  on  glass  slides  relative 
to  those  from  analogous  materials  on  coated  fiber. 
While  there  is  no  apparent  reason  for  this 
discrepancy,  it  illustrates  that  meaningful  data 
need  to  be  collected  from  "real  world"  samples. 

Randomly  selected  plastics  and  low  molecular  weight 
hydrocarbons  were  also  aged  at  100  °C  and  their 
evolution  of  hydrogen  with  time  was  monitored.  As 
shown  in  Table  4,  very  small  or  undetectable 
amounts  were  evolved  in  most  cases,  but  in  two  of 
them  the  opposite  was  true.  A  C24  straight  chain 
hydrocarbon  and  polyisobutylene  both  showed 
significant  hydrogen  evolution.  Me  conclude  that 
the  potential  for  hydrogen  evolution  is  highly 
dependent  on  the  chemical  structure  of  the  organic 
material. 
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TABLE  3 


Amount  (ul/|)  of  H2  Evolved  by  Fiber  Coating*  and  Filling  Compound! 
aa  Reported  in  the  Literature 


Aging  Condition* 

Temperature 

80*C 

100*C 

200*C 

—1 

Time 

17b 

1000b 

4b 

100b 

320b 

4b 

Atmotphere 

air 

air 

°2 

N2 

6ir 

air 

°2 

N2 

air  j 

Fiber* 

; 

1 

Aoki10 

Okagawt11 

730 

36 

•  i 

4  1  1 

A 

2.4 

-  1 

G 

ND 

<1 

56 

2 

2 

•  1 

B 

<3 

4 

136 

-  | 

E 

<3 

. 

<3 

9 

1 

C 

ND 

ND 

9 

0  1 

0« 

30 

204 

.  i 

Filling  Compound* 

Ok«K««k  1 

. 

03 

<  002 

.  i 

Okagawn  2 

o  9 

Barnet 

6  9 

■ 

02 

<  002 

Y«llo»  F 

-124 

320 

F 

ND 

ND 

<  1 

11 

D 

<  03 

ND 

<2 

Film. 

Aokt 

• 

2  2 

■ 

Okigm 

. 

0026 

0003 

. 

Partial  Pressure  of  Hydrogen  within  Optical  Cables 
Hydrogen  evolution  in  units  of  ul  of  gas/g  of 
polymer  had  to  be  converted  to  partial  pressure 
within  a  cable  to  predict  whether  the  accumulation 
would  ultimately  affect  transmission.  In  order  to 
make  a  simple  conversion  we  made  the  following  two 
assumptions:  (1)  Since  many  cables  are  sheathed 
with  metal,  any  accumulated  hydrogen  would  be 
retained  within  the  cable,  and  (2)  other  plastic 


cable  components  such  as  polyethylene,  polyester, 
filling  compound,  etc.  would  not  significantly 
impede  diffusion  of  the  small  hydrogen  molecule. 
Table  5  lists  the  results  of  calculations  of 

partial  pressure  of  hydrogen  in  several  optical 

cables,  where  the  worst  cases  of  hydrogen  evolution 

from  coatings  and  filling  compounds  were  utilized 
from  Table  3.  In  all  cases,  the  coating 

contribution  was  well  below  the  minimum  0.1 
atmosphere  hydrogen  concentration.  However,  the 
filling  compound  contribution  accounted  for 


TABLE  4 

Amount  (ul  g)  E»oJ>ed  from  Miirellaoeou*  Compouod * 


TABLE  5 


sp 

2H 

T4H 

48  H 

1 44  H 

i-mu 

<24 

ND 

.54 

2.09 

P.45 

l.DPE 

ND 

.22 

.4V 

.75 

99 

IIDPC 

ND 

.58 

.42 

5.1 

ND 

Nylon  6 

ND 

50 

49 

.47 

66 

PM  MA 

ND 

14 

56 

ND 

Polyiiobuf  ylene 

88 

19  78 

14.55 

20.38 

14  ’O 

F po« >  butane 

ND 

.1.1 

.18 

ND 

ND 

Calculated  Partial  Preiture  (aim)  of  Hj  Found  in  •  Wont  Cm  Analyna  of  »n  Optical  Fiber  Cable 


Puna!  Pre**ure  (atm) 


Coating 
002 
009 
<  001 
006 


Fillmt  Compound 
04-  09 


0  49 
ND 


Cable  Total 
04J  092 


0  49 
006 


ND  -  Not  Detected 
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possible  concentrations  of  0.5  atmosphere,  well 
above  this  minimum.  While  w  e  do  not  believe  that 
half  of  the  cable  volum**  would  ever  be  filled  with 
this  contaminant,  the  order  of  magnitude  of 
accumulation  is  clearly  similar  to  the  threshold 
>aJue.  Since  most  current  optical  cable 

constructions  contain  such  waterproof  filling 
compounds,  it  is  essential  to  understand  the 

reasons  for  hydrogen  evolution  from  these 
materials. 

Mechanism  of  Hydrogen  Formation 

Several  studies^*1®  have  shown  that  hydrogen 
generation  is  greater  in  an  oxygen  atmosphere  than 
that  in  an  inert  environment.  Our  results, 

summarized  in  Table  6,  are  in  agreement  with  those 
findings.  Samples  of  waterproof  compounds  aged  in 
oxygen  or  air  atmospheres  generated  substantially 
more  hydrogen  than  those  under  nitrogen.  Often  an 
induction  time  was  evident  before  hydrogen  was 

observed;  this  was  especially  true  for  filling 
compounds.  Both  coatings  and  filling  compounds 
always  seemed  to  turn  color  to  yellow  or  amber 
before  hydrogen  was  observed;  such  discoloration  is 
typical  of  oxidation  products  such  as  quinonos  and 
other  conjugated  systems.  In  one  instance  we 
extracted  a  filling  compound  with  methanol  and 
reduced  the  induction  time  from  >3  months  to  48 
hours.  All  of  these  observations  suggest  that 

hydrogen  formation  correlates  with  oxidation.  The 
implication  is  that  materials  that  are 
well-stabilized  against  thermal  oxidation  will  also 

be  protected  from  outgassing  of  hydrogen. 


this  intermediate  appears  unlikely 
energy  thermal  experiments. 
Barnes,  et  al.  have  proposed  such  a 
(he  source  for  the  contaminant: 


in  our  low 
Nevertheless, 
mechanism  as 


H.+RH  — ►  H2  +  R* 


It  is  not  obvious  how  this  mechanism  explains  the 
observed  sensitivity  to  oxidation.  We  therefore 

suggest  that  hydrogen  in  this  Instance  is  a  product 
of  peroxides,  which  are  known  to  yield  the  gas  via 
an  intramolecular  cyclic  transition  state. 
Liquid  sec-butyl  peroxide,  for  example,  is  reported 
to  give  hydrogen  in  30%  yield  when  aged  at  100 
°C: 


o  —  o 


TABLE  < 


Amount  (ul|)  Mj  r*c'.vfd  from  Co«f.0|  or  Fil\ng  Compound  Hipoied  to  O,  or  N.  r^r-nmcnU 


Piy  »t  tore 


>  1 

Nj  o,  ; 

°2  ! 

U  1 

»,  a, 

1 

Hj  O, 

nw  c 

1  24 

I  j  »  i 

I  J  ’1  | 

!  i:o 

r 

HD  HD 

i  2  >  1 

1  ’  “J 

1  24  43 

ND  •  Nor  Detected 


Organic  peroxides  are  known  to  be  termination 
products  of  oxidation  that  arise  from  the  coupling 
of  peroxy  and  alkyl  radicals.  If  the  amount  of 
hydrogen  measured  over  some  time  period  were,  say, 
250  ul/g,  and  the  reaction  yield  were  30%,  then  the 
accumulated  concentration  of  peroxide  precursor 
would  have  to  be  at  least  0.04  mmoles/g,  too  small 

an  amount  to  detect. 

Temperature  Dependence  of  Hydrogen  Formation 
Recently  published  work  has  revealed  that  at 
elevated  temperatures  (>25  °C),  permanent 

transmission  loss  rapidly  becomes  more  significant 
with  irreversible  formation  of  -Oil  groups  in  the 
silica  network.  This  is  of  concern  because  many  of 

the  optical  fiber  installations  in  the  loop  will  be 
aerial,  and  temperatures  of  50  °C  or  higher  are 
regularly  encountered  in  this  configuration.  While 
much  of  our  laboratory  work  was  conducted  at 

100°C,  recent  experiments  at  80  °C  have  shown 
that  hydrogen  is  produced  at  this  temperature  as 

well,  albeit  much  more  slowly. 


There  are  relatively  few  references  in  the 
literature  to  reactions  of  organic  materials  which 
yield  hydrogen.  As  mentioned  earlier.  some 

silicone  polymer  coatings  produced  hydrogen  but 
they  degraded  by  a  unique  mechanism  that  does  not 
apply  in  this  case3.  Hydrogen  often  appears  as  a 
by-product  of  gamma  or  electron  beam  irradiation  of 
polymers  because  of  formation  of  11*  radicals,  but 


CONCLUSIONS 

I.  A  reliable  method  has 
optical  cable  components 
hydrogen,  with  a  minimum 
ul. 


been  found  to  analyze 
for  the  evolution  o|j 
sensitivity  of  2  \  10"' 


2.  The  amounts  of  hydrogen  generated  from  optical 
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fiber  cable  components  varied  over  a  wide  range 
depending  on  cable  materials,  design  and  vintage. 
In  no  case  was  the  amount  evolved  from  protective 
coatings  on  fiber  sufficient  to  cause  long  term 

transmission  loss.  On  the  other  hand,  some 

waterproof  filling  compounds  produced  significant 
amounts  of  the  contaminant  after  long  term  aging, 
which,  in  one  case,  demonstrated  that  increased 
attenuation  might  be  a  real  possibility. 

3.  The  mechanism  for  hjdrogen  formation  is  thought 

to  be  related  to  thermal  oxidation  of  alkyl 
hvdrocarbon  chains  in  the  coatings  and 
waterproofing  gels.  A  mechanism  based  on  the 
thermal  decomposition  of  di-secbutyl  peroxide, 
which  splits  out  hydrogen  in  30%  yield,  was 

proposed  as  a  precedent  for  the  source  of  optical 

fiber  hjdrogen  contamination. 

4.  It  is  clear  that  optical  cables  can  be 

manufactured  with  components  that  give  off 

virtually  no  hydrogen,  and  it  is  equally  clear  that 

the  opposite  is  also  true. 
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SUMMARY 

In  a  singlemode  fiber  system,  the  second  mode 
LP11  -  is  generated  either  at  a  transmitter 
with  overfilled  launch  conditions*  or  at  an 
imperfect  connection.  If  the  LP11  mode  is 
coupled  back  into  the  fundamental  mode  at  a 
subsequent  connection,  interference  may  occur 
and  noise  may  result.  To  avoid  Modal  Noise 
problems,  the  LP11  mode  must  be  sufficiently 
attenuated  before  it  reaches  the  next 
connection.  Vith  a  matched  clad  fiber,  a  bend 
of  short  length  does  the  job.  For  a  depressed 
clad  fiber,  a  significant  fiber  length  is 
required  to  achieve  sufficient  attenuation  of 
the  L.P11  mode. 


1. 


INTRODUCTION 


In  a  singlemode  fiber  system,  the  second  mode 
LPl 1  is  generated  either  at  a  transmitter  vith 
overfilled  launch  conditions  or  at  an  imperfect 
connection  vith  coupling  betveen  the  fundamental 
mode  and  the  LP11  mode.  If  the  LP11  mode  is 
coupled  back  into  the  fundamental  mode  at  a 
subsequent  connection,  interference  occurs  if  the 
difference  in  optical  path  length  of  the  two  modes 
is  less  than  the  coherence  length  of  the  light. 
Slight  variations  in  laser  vavelength  vary  the 
phase  difference  betveen  the  interfering  vaves, 
and  Modal  Noise  results.  Hovever,  no  Modal  Noise 
is  induced  in  the  system  at  a  perfect  subsequent 
connection  vhere  no  power  is  transferred  from  one 
mode  to  the  other  / 1 / . 


2.  LPl 1  MODE  AND  CUTOFF  WAVELENGTH 

At  lover  wavelengths,  singlemode  fibers  behave 
like  multimode  step-index  fibers,  and  more  than  one 
mode  can  be  excited.  To  find  an  estimate  of  the 
lowest  possible  vavelength  for  singlemode 
transmission  -  the  cutoff  vavelength  -  procedures 
with  two  spectral  scans  using  two  different  bend 
diameters  (dl  =  280  mm  /  d2  =  60  mm)  or  a  single 
bend  (d  =  280  mm)  and  a  multimode  reference  are 
standard  ( El A  draft  F0TP-80). 

At  this  cutoff  vavelength,  Xc ,  that  is  associated 
vith  one  loop  having  an  (arbitrary)  diameter  of 
280  mm,  the  LP11  mode  has  a  defined  attenuation  of 
=20  dB  /8/.  At  shorter  wavelengths  the 
attenuation  of  this  mode  is  lover;  at  longer 
wavelengths  this  mode  will  see  a  higher 
attenuation. 

Due  to  the  bending  loss  characteristics  of  matched 
clad  fibers,  the  attenuation  of  the  LP11  mode 
depends  on  bend  diameter:  the  larger  the  diameter, 
the  longer  the  effective  cutoff  vavelength.  By 
reducing  the  diameter  of  a  single  loop  from  280  mm 
to  80  mm,  measurements  on  several  fibers  have 
shown  shifts  in  the  effective  cutoff  around  80  nm. 
In  contrast,  the  LP11  mode  attenuation  for- 
depressed  clad  fibers  is  approximately  constant 
over  a  broad  range  of  diameters. 

The  different  bending  loss  characteristics  of  the 
two  fiber  designs  can  be  explained  by  considering 
how  bending  stress  affects  the  refractive  index 
profiles  and  the  effective  indices  of  refraction 
of  the  LP01  and  the  LP11  modes.  Figure  1  shows 
the  refractive  index  profile  of  a  matched  clad 
singlemode  fiber  and  the  effective  indices  of 
refraction  of  the  LP01  and  LP11  modes  below  cutoff 
wavelength  without  fiber  bending. 


Fig.  1  Profile  of  a  Matched  Clad  Fiber  along 
vith  Effective  Indices  of  Refraction  of 
the  LP01  and  LP11  Modes  (X<Xc) 
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The  index  of  refraction  of  the  cladding  goes  down 
on  the  outside  of  a  bend.  The  local  effective 
index  of  either  mode  also  decreases  by  an  amount 
that  is  proportional  to  the  distance  from  the 
fiber  axis;  however,  the  change  in  the  effective 
index  is  larger  than  the  change  in  the  cladding 
index.  Leakage  of  power  from  either  mode  will 
occur  where  the  cladding  index  exceeds  the  local 
effective  index  of  refraction  /10/t  and  the  closer 
the  crossover  to  the  fiber  axis,  the  greater  the 
leakage.  The  net  effects  of  these  changes  in 
index  are  shown  schematically  in  Fig.  2,  where, 
for  simplicity,  the  effective  indices  are  shown  as 
horizontal  lines. 


Fig.  2  Profile  of  a  Matched  Clad  Fiber 

with  Bending  Stress  (Outside  of  bend 
is  to  the  right) 

The  sharper  the  bend,  the  higher  the  leakage  of 
power,  the  higher  the  attenuation  for  the 
l.Pll  mode  and  the  shorter  the  effective  cutoff 
wavelength . 

A  different  behavior  is  observed  for  singlemode 
fibers  with  depressed  cladding.  Without  bending 
stress,  the  refractive  index  profile  and  the 
effective  indices  ot  refraction  for  the  LP01  and 
LP11  modes  are  shown  below: 


Fig.  1  Profile  of  a  Depressed  Clad  Fiber 

with  Effective  Indices  of  Refraction 
of  the  LP01  and  LT11  Modes  (A<Xc) 

As  in  the  case  of  matched  clad  fibers,  the 
refractive  index  of  the  cladding  on  the  outside  of 
a  bend  decreases  under  bending  stress  (Fig.  4). 
But  the  local  effective  index  of  each  mode 
decreases  even  more,  and  leakage  o c  power  will 
occur  where  the  cladding  index  exceeds  the  local 
effective  index  of  refraction  for  a  given  mode. 


Fig.  4  Profile  of  a  Depressed  Clad  Fiber 

with  Bending  Stress  (Outside  of  bend  is 
to  the  right) 


At  the  upward  step  on  the  right-hand  side  of 
Fig.  4,  the  local  effective  index  of  refraction  of 
the  LP11  mode  crosses  the  profile  at  the  same 
radius  for  a  certain  range  of  bend  diameters.  Thus 
the  attenuation  of  the  LP11  mode  is  approximately 
constant  within  this  range  and  the  effective 
cutoff  wavelength  is  approximately  independent  of 
bend  diameter.  Cutoff  measurements  using  single 
loops  in  2  m  of  fiber  have  shown  that  bend 
diameters  from  280  mm  to  60  mm  lead  to  effective 
cutoff  wavelengths  that  range  within  +10  nm. 
(Fig.  5)  /3/. 


Fig.  5  Shift  of  Effective  Cutoff  Wavelength  for 
a  Single  Loop  in  2m  of  Fiber  (An==0.352) 

Even  though  the  measurements  shown  in  Fig.  5  were 
made  on  fibers  with  a  delta  of  about  0.352,  the 
character  of  the  curves  is  the  same  for  other 
typical  fibers. 


3.  SIMULATED  REPAIR  SECTION 

The  following  set-up  was  used  to  simulate  a  repair 
section  and  to  determine  the  power  penalty  caused 
by  Modal  Noise  (Fig.  6).  Bi t -Error-Rate  (BER) 
measurements  using  this  set-up  are  described  in 
the  next  section. 


Fig.  6  Simulation  of  a  Repair  Section 
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A  short  repair  length  L  (matched  clad  or  depressed 
clad  fiber)  is  connected  using  splices  of  high 
transmission  loss  between  two  lengths  of  matched 
clad  fiber.  To  simulate  long  lengths,  bends  with 
25  mm  diameter  attenuate  the  LP11  mode  in  the 
first  and  third  fiber  lengths.  Therefore,  only  the 
fundamental  mode  can  reach  the  first  splice  and 
the  receiver.  The  loss  at  the  second  splice  was 
3  dB  in  every  case. 

Due  to  the  misalignment  at  the  first  splice,  the 
LPll  mode  is  generated;  then,  because  of  the 
misalignment  at  the  second  splice,  the  LPll  mode 
is  coupled  back  into  the  fundamental  mode.  If  the 
length  of  the  fiber  between  the  splices  is  short 
enough  for  the  difference  in  optical  path  length 
of  the  two  modes  in  that  section  to  be  less  than 
the  coherence  length  of  the  light,  interference  is 
generated  at  the  second  splice. 

A  short  length  of  straight  matched  clad  fiber  or  a 
sufficiently  short  length  of  depressed  clad  fiber 
d^es  not  significantly  attenuate  the  LPll  mode,  so 
most  of  its  power  reaches  the  second  splice  where 
pat  t  of  the  power  is  coupled  back  into  the 
fundamental  mode.  Due  to  small  changes  of  the 
laser  wavelength.  the  relative  phase  of  the  two 
modes  and  the  interference  at  the  second  splice 
varies,  and  Modal  Noise  is  induced  (see  Appendix). 
It  the  1.P11  mode  was  somehow  attenuated,  only  the 
fundamental  mode  would  reach  the  second  splice;  no 
const! uctive  or  destructive  intei ference  could 
occur  and  no  additional  noise  would  be  added  to 
the  system. 

Measurements  on  matched  and  depressed  clad  fibers 
have  shown  different  slopes  for  the  attenuation  of 
the  LPll  mode  vs.  wavelength  /2,3,4,9/.  "Slopes" 
of  =24  nm/ decade (dB ]  and  =68  nm/decade( dB ]  were 
measured  here  and  elsewhere  for  matched  clad 
fibers  and  depressed  clad  fibers,  respectively 
'4.8,9/. 

Once  the  cutoff  wavelength  is  known.  the 
nrtcmatinn  of  the  LPll  mode  can  be  calculated  for 
any  n’hef  wavelength  as  follows; 


4.  BIT-ERROR- RATE  MEASUREMENTS 

Measurements  were  made  using  the  set-up  described 
in  the  previous  section.  The  matched  clad  and 
depressed  clad  fibers  used  as  repair  lengths  had 
cutoff  wavelengths  of  1304  nm  and  1302  nm, 
respectively.  Bit-Error-Rate  (BER)  was  measured  as 
a  function  of  offset  at  the  first  splice,  bend 
diameter  in  the  repair  length,  and  distance 
between  the  splices,  all  at  a  wavelength  of 
X  =  1275  nm.  The  computerized  set-up  consisted  of 
a  Northern  Telecom  laser  source,  a  Lasertron 
receiver  and  a  Tautron  BCR  analyzer. 


4.1  Distance  between  the  Splices 

Measuring  interesting  BER  values  as  function  of 
distance  between  the  splices  requires  t he  use  of 
light  with  a  coherence  length  that  is  longer  than 
the  difference  in  optical  path  length  of  the  two 
modes  for  the  distances  involved.  The  laser 
transmit tei  available  for  this  study  allowed 
lengths  up  to  approximately  0.7  m  only.  By  cutting 
back  a  fiber,  no  Modal  Noise  could  be  measured 
until  the  fiber  length  was  <0.8  m. 


4.2  Offset  at  First  Splice 

Using  precise  stepping  motors,  the  fiber  offset  at 
the  first  splice  was  adjusted  in  1-pm  steps  within 
a  range  of  +3  um.  Transmission  and  attenuation 
with  these  offsets  are  shown  in  the  figure 
below  for  the  matched  clad  case  using  a  half  loop 
of  280  mm  bend  diameter,  so  that  the  effective 
cutoff  wavelength  in  the  repair  section  was 
1310  nm.  (This  is,  of  course,  an  unreal ist ical ly 
large  diameter  for  applications  in  the  field.) 


whet  e  X  and  Xc  ate  the  operating  and  cutoff 
wavelengths  in  nm,  respectively,  "slope"  is  in 
nm/derade [ dB  )  ,  all(X)  is  the  attenuation  of  the 
LPll  mode  in  dB/m  and  all(X  )  is  the  attenuation 
of  the  LPll  mode  at  its  cutoff  wavelength  as 
measured  under  standard  condition  i .e.  an 
attenuation  of  approximately  20  dB  divided  by  the 
length  of  filiet  undet  bend  (n  x  0.280  m  here)  for 
mat r hod  clad  fibers,  or  by  the  total  fibet  length 
( 2  m  her e)  f  oi  dept  essed  c lad  1 i bet  s . 


Fig.  7  Splice  Loss  Due  to  Fiber  Offset 


Matched  Clad  Fiber 
1775  nm  Laser  Wavelength 

Both 
modes 
(mm)  280 
(nm)  1310 


Bend  Diameter 
Ef  f  ec  t i ve  Cutof f 


Fundamen i a  1 
mode  only 
60 
12(H) 


624  International  Wire  &  Cable  Symposium  Proceedings  1987 


When  the  matched  clad  fiber  between  the  splices 
was  more  severely  bent  (d  -  60  mm,  one  loop),  the 
LPll  mode  no  longer  reached  the  second  connection 
(Fig.  7,  fundamental  mode  only).  No  such  trans¬ 
mission  loss  measurements  were  made  using  the 
depressed  clad  fiber  because  the  LPll  mode  in  that 
fiber  has  about  the  same  attenuation  for  the  two 
bend  diameters  used. 

When  the  fiber  ends  at  the  first  splice  are 
aligned  perfectly,  no  additional  noise  can  be  seen 
at  the  receiver  output  (Pig-  8,  center  trace). 
After  misaligning  the  fiber  ends  in  either 
direction,  additional  noise  can  be  observed  in  the 
'1'  states.  Because  of  the  100%  laser  modulation, 
no  such  noise  is  seen  in  the  '0'  states  (Fig.  8, 
upper  and  lower  traces). 


Fig.  8  Modal  Noise  as  Function  of  Fiber  Offset 
in  pm  (top  to  bottom): 

+3,  +2 ,  *1,  0,  -1,  -2,  -3 
Matched  Clad  Fiber 
1310  nm  Effective  Cutoff  Wavelength 
1275  nm  Laser  Wavelength 
280  mm  Bend  Diameter,  half  Loop 

For  each  fiber  type,  BER  as  a  function  of  offset 
and  receiver  power  level  was  measured  with  the 
automated  set-up  described  above,  and  lines  were 
fitted  through  the  measured  points  by  the 
computer.  To  obtain  an  effective  cutoff  wavelength 
slightly  above  1300  nm  for  the  matched  clad  fiber, 
an  unrealistic  bending  condition  within  the  repair 
section  of  a  half  loop  of  280  mm  diameter  had  to 

_9 

be  used.  As  shown  in  Fig.  9,  for  low  BER  (10  ) 

the  curves  spread  out  and  high  power  penalties  are 
measured.  Equivalently,  as  also  expected  from 
theory  /6/,  the  BER  cannot  be  improved  by  higher 
input  power  at  the  receiver  if  the  power  of  the 
LPll  mode  at  the  second  splice  is  too  high. 


-33  -  3 1  -29 

Level  [dBm] 


Fig. 9  Bit-Error-Rate  as  Function  of  Offset  at 
the  First  Splice,  Second  Splice  3  dB 
Matched  Clad  Fiber 
1310  nm  Effective  Cutoff  Wavelength 
1275  nm  Laser  Wavelength 
280  mm  Bend  Diameter,  half  Loop 


The  next  section  will  look  into  results  for 
realistic  bending  conditions  within  a  repair 
sec  t ion . 


4.3  Power  Penalty  vs.  Bend  Diameter  in  Repair 
Length 

The  fiber  between  the  splices  (0.7  m  for  each 
fiber  design;  see  section  4.1)  was  bent  in  single 
loops  with  different  diameters,  and  BER  as  a 
function  of  bend  diameter  was  measured.  The 
different  behavior  of  matched  clad  and  depressed 
clad  fibers  can  be  seen  clearly  in  Fig.  10  which 
shows  power  penalty  as  a  function  of  bend 
diameter.  For  realistic  bending  conditions  within 
repair  lengths  (bend  diameters  of,  for  example, 
60  mm  to  100  mm),  the  Modal  Noise  power  penalty 
for  the  matched  clad  design  was  zero.  This  is  in 
sharp  contrast  to  the  results  for  the  depressed 
clad  design.  The  traces  correspond  well  to  the 
shift  in  cutoff  wavelength  as  a  function  of  bend 
diameter  as  shown  for  each  fiber  type  in  Fig.  5. 
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Similar  curves  were  obtained  for  the  depressed 
clad  fiber  when  the  length  of  that  fiber  was 
chosen  so  that  its  effective  cutoff  wavelength  was 
also  slightly  above  1300  nm. 


Bend  Diameter  [mm] 

Fig. 10  Power  Penalty  as  Function  of  Bend  Diameter 

BER  =  10" 7 
3  pm  Offset 

Cutoff  Wavelength:  1302  nm  Depressed  Clad 
1304  nm  Matched  Clad 
Laser  Wavelength:  1275  nm 

Fiber  Length:  0.7  m 
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5.  CONCLUSION 

To  prevent  Modal  Noise  in  singlemode  fiber 
systems,  the  LP11  mode  must  be  attenuated  before 
it  reaches  the  second  connection  of  a  repair 
section  or  the  connection  to  a  pigtail  that  is 
attached  to  a  transmitter  using  overfilled  launch 
condi t ions . 

A  sufficient  attenuation  can  be  achieved: 

in  matched  clad  fibers  by  moderate  bends  over 
short  lengths; 

in  depressed  clad  fibers  by  significant  fiber 
length  only,  over  a  wide  range  of  bend 
diameters . 
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Appendix 

Heckmann  / 1 /  was  the  first  to  describe  Modal  Noise 
at  splices  in  singiemode  fiber  systems.  Prior  work 
related  to  multimode  fibers  where  it  is  difficult 
to  quantify  this  issue.  Heckmann  assumed  that  a 
first  splice  would  generate  an  LP11  mode  that 
would  interfere  with  the  LP01  mode  at  a  second 
splice  and  generate  Modal  Noise  if  system 
parameters  changed  (Fig.  6).  While  slow  changes 
such  as  in  temperature  or  in  cable  position  are 
absorbed  by  a  receiver's  automatic  gain  control 
circuit,  fast  changes  like  mode  partitioning  of 
the  laser  /6/  degrade  system  performance.  In  /6/ 
a  so-called  k-factor  for  mode  partitioning  vas 
introduced.  Its  value  is  zero  for  perfect  lasers 
and  a  maximum  of  1  for  "bad"  lasers.  This  factor 
usually  increases  with  bit  rate,  so,  even  with 
improved  lasers,  the  use  of  higher  bit  rates  will 
probably  keep  the  value  of  k  in  the  range  from  0.2 
to  0.5. 

Because  the  type  of  laser  to  be  used  in  a  system 
is  not  usually  known  ahead  of  time,  worst  case 
Modal  Noise  should  be  assumed;  the  LP11  mode 
should  be  attenuated  sufficiently  to  handle  the 
worst  case  situation.  Heckmann  / 1 /  assumed  no 
attenuation  for  the  second  mode.  This  is  not 
realistic.  Including  LP11  attenuation  in  his 
theory,  the  following  overall  transmission 
efficiency  for  the  LP01  mode  for  the  system 
presented  in  Fig.  6  can  be  calculated: 


V  T-nV^mV10 

+  2  y 'V|  iTii  ]  i^i  ]  ;  10  COS((I>)  (HI) 


nnn  Power  Transmission  Efficiency  of  LP(11  Mode  at  Splice  1 

T1  Power  Transmission  Efficiency  of  LP()1  Mode  at  Splice  2 

F],  f  j  Power  Coupling  Efficiency  from  LP()]  to  LP|  j  at  Splice  1 

Power  Coupling  Efficiency  from  LP}  1  to  LP(l[  at  Splice  2 
«}  j  Attenuation  of  the  LP(  |  Mode  in  dB  m 

(Attenuation  of  the  LP()^  Mode  is  assumed  negligible) 

L  Length  of  Repair  Section  in  m 

*1*  =  (Ini  ~~  f^i  i  ^  Pfiase  Difference  of  LP()[  and  LPj  j  Modes 
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Let  us  assume  that,  for  splices  with  less  than 
2  dB  of  loss,  most  of  the  power  lost  by  the  first 
mode  is  transferred  to  the  second  mode.  Let  us 
also  assume  that,  at  splice  2,  the  coupling 
efficiency  from  LP01  to  LP11  is  at  least 
approximately  equal  to  that  from  LP11  to  LP01. 
Then  Eq.  (Al)  can  be  rewritten  as  (cf./5/) 


where,  nj(iU)  is  the  transmission  efficiency  of 
the  LP01  mode  at  splice  1(2).  The  last  term  is  the 
time  varying  term  that  generates  the  so-called 
Modal  Noise. 


The  worst  case  S/N-ratio  can  be  calculated  as  in 
/ 1 /  using  Eq.  (A2): 


for  r\  ^  >  0.5  or  ,  L  >  10  dB 


For  depressed  clad  fibers,  a  special  fiber  with  a 
low  Ac  (Ac=1200  nm)  is  commonly  used  to  reduce 
Modal  Noise  where  the  pigtail  length  is  less  than 
one  meter. 


Correspondingly. 

«  L  =  20  log 
n 


(fl4) 


A  S/N-ratio  of  about  15  dB  will  lead  to  a  system 
power  penalty  of  only  0.02  dB,  while  11  dB  will 
add  1  dB  of  penalty  /A, 5, 7/  .  One  could  multiply 
these  S/N  ratios  by  the  k  factor  /5/,  but  in 
general  it  is  safer  not  to  do  so. 


Splice  losses  up  to  1  dB  (q>0.8)  and  a  Modal  Noise 
S/N-ratio  of  15  dB  imply  that  the  second  mode  must 
be  attenuated  by  about  20  dB.  At  a  wavelength 
equal  to  the  effective  cutoff  wavelength  of  the 
repair  section,  the  second  mode  is  attenuated  by 
19.3  dB;  therefore,  the  Modal  Noise  penalty  will 
be  negligible  as  long  as  the  laser  wavelength  is 
approximately  equal  to  or  greater  than  that 
effective  cutoff  wavelength. 


To  simulate  an  overfilled  jumper,  one  may  take  the 
splice  transmission  efficiency  of  the  first 
’'splice'’  .to  be  0.33;  this  implies  that  the  second 
mode  contains  twice  as  much  power  as  the  first. 
Thus,  if  the  connector  on  a  laser  pigtail  has  a 
loss  of  1.5  dB,  the  LPll  mode  in  the  pigtail  must 
be  attenuated  by  27  dB  to  overcome  the  overfilling 
|Eq.  (A3)].  This  implies  that  the  effective 
cutoff  should  be  lower  than  the  operating 
wavelength.  For  a  matched  clad  fiber,  a  loop  of 
60  mm  in  diameter  in  the  transmitter  pigtail  would 
provide  plenty  of  margin  in  a  system  operating  at 
1250  nm  and  using  a  fiber  with  a  measured  Ac  of 
1330  nm  (per  F0TP-80). 
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ABSTRACT 


The  influence  of  hydroxyl  (OH)  on  the  atte¬ 
nuation  average  (X)  and  std.  deviation  (S )  of 
GeCH'doped  fused  silica  single-mode  fibres  are 
evaluated  by  a  Monte-Carlo  sampling  proccess.  The 
results  take  also  into  account:  (1)  the  laser 

source  wavelength  distribution,  and  (2)  the 
allowed  intervals  for  the  optical  source  wave¬ 
length.  As  the  main  results  it  has  been  found 
tha*-  absortion  peaks  of  2  dB/Km,  and  even  more, 
•at  the  1.38  microns  hydroxyl  band  could  bo  bene¬ 
ficial  for  decreasing  the  fibre  attenuation 
spread.  In  addition,  a  practical  criterium  is 
propose!  to  quantify  the  maximum  acceptable  oh 
contents  in  fused  silica  fibres. 


Irvtroduct  ion 

The  optical  attenuation  of  fibre  paths  bet¬ 
ween  repeaters  suffers  fluctuations  due  to  the 
changes  in  the  source  lasing  wavelength  and  the 
non-flat  performance  of  spectral  fibre  atte¬ 
nuation.  Wavelength  variations  of  most  presently 
available  laser  sources  fall  within  BO  to  80 
nanometers,  resulting  in  wavelength  related  power 
and  loss  measurement  errors  (see  Figure  i). 

Both,  source  wavelength  and  fibre  atte- 
nuat  ion  variations  lead  to  an  uncertainly  (Fig. 
2  )  in  opt  ical  paths  attenuation  which  have  prac- 
t  ical  implications  from  a  number  of  viewpoints, 
including:  power  budget  desing;  acceptance  tests 
during  optical  cable  deployment  and  system  insta¬ 
llation;  and,  later  on,  in  measurements  performed 
for  maintenance.  As  a  result,  the  desing,  insta¬ 
llation  and  naintenance  phases  may  be  impacted. 

Most  of  the  extrinsic  reasons,  introduced 
during  fibre  manufac-tur i ng,  influencing  the 
spectral  fibre  attenuation  have  been  reduced  as 
low  as  to  get  them  undetectable  except  for  the  OH 
ion  absortion1'4  .  Under  manufacturing  conditions 
OH  fibre  contents  in  the  range  from  10  to  70  ppb 
are  achievable,  leading  to  a  median  attenuation 
figure  around  0.35  dB/Km  (  ••  1.3  fim)  in  single¬ 
mode  silica  based  fibres  '  . 


better  fibre  performance,  in  this  paper  it  is 
hypothesized  that  a  limited  amount  of  OH  content 
is  not  detrimental  but  beneficial  from  a  prac¬ 
tical  viewpoint. 

This  paper  investigates  both:  a)  the  influen^ 
ce  of  OH  ion  content  in  reducing  the  attenuation 
fluctuation  due  to  source  wavelength  variations; 
and,  b)  the  influence  of  OH  fibre  contents  in 
the  discrepancies  araising  when  fibre  attenuation 
is  described  by  using  either  a  statistical  1 
(i.e.,  average  and  std.  deviation)  or  a  worst- 
-case  value  within  a  wavelength  operating  window. 

For  testing  that  hypotesis  we  limit  our  sco¬ 
pe  to  silica  based  Ge02”doped  single-mode  fibres 
operating  at  the  1  . 3  u  m  region.  Using  a  Monte- 
-Carlo  technique  the  fibre  attenuation  is  statis¬ 
tically  described  (in  terms  of  averge  and  std. 
deviation)  and  related  to  three  independent  vari£ 
bles:  the  OH  fibre  content;  the  source  lasing  wa¬ 
velength  distribution,  and,  the  wavelength  opera¬ 
ting  window.  We  have  made  some  assumptions:  the 
OH  contents  is  in  the  range  between  10  to  70  ppb; 
the  average  laser  wavelength  is  between  1300  to 
1310  nm,  showing  a  standard  deviation  between  3.3 
to  13.3  nm.  Finally,  the  wavelength  operating  re¬ 
gions  considered  was  1285-1330  and  1280-1340  nm. 


As  main  results  we  have  found: 

1)  some  quantity  of  OH  -  ion  content  leading 
to  1-2  dB/Km  (or  even  larger  values, 
depending  upon  the  nature  of  source  wave¬ 
length  variations)  absortion  at  1.38  m 
is  beneficial  for  decreasing  the  atte¬ 
nuation  uncertainly  (see  figs.  6-8). 

2)  the  traximum  acceptable  OH  content  should 
be  that  at  which  the  attenuation  at  the 
upper-side  of  the  wavelength  operating 
region  (i.e.  1330  or  1340  nm)  aquals  that 
at  the  lower-side  (i.e.  1285  or  1280  nm) . 
Otherwise,  di screpa ncies  as  large  as  10% 
and  even  larger  nay  arise  between  a  sta¬ 
tistical  or  a  worst-case  description  of 
the  fibre  attenuation  within  the  wave¬ 
length  operating  window. 


Contrary  to  the  general  line  of  thinking 
which  dictates  that  the  lower  the  OH  contents  the 


The  following  sections  describe  the  purpose 
and  the  study  method,  the  results,  and  some  final 
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remarks.  Under  the  later  section  is  given  a  reco- 
mendation  to  quantify  the  maximum  acceptable  OH 
quantity  in  fused  silica  fibres  for  telecomun ica- 
t  ion. 


Purpose  and  study  method 

Objetive  and  scope 

In  this  paper  it  is  hypothesized  that  a 
limited  quantity  of  hydroxyl  (OH)  impurity  is 
beneficial  for  reducing  the  attenuation  fluc¬ 
tuations  due  to  the  optical  source  lasing  wave¬ 
length  variations.  In  addition,  we  will  explore 
to  what  extent  the  quantity  of  OH  impurity  im¬ 
pact  on  discrepancies  which  may  arise  when  fibre 
attenuation  is  described  either  statistically  or 
by  employing  a  worst-case  approach  (worts  value 
within  a  given  wavelength  operating  region). 

We  have  limited  our  scope  to  silica  based 
Ge02 “doped  single-mode  fibres  operating  at  wave¬ 
length  windows  around  1.3.  /jm. 

Study  method 

For  testing  the  above  hypothesis,  the  atte¬ 
nuation  average  (X)  and  the  std.  deviation  (S) 
was  determined  as  a  function  of  the  hydroxyl  (OH) 
quantity  in  Ge02“doped  silica  based  fibres.  Such 
statistical  parameters  (X  and  S)  were  determined 
employing  a  Monte-Carlo  sampling  process'-  .  The 
OH  quantity  has  been  taken  as  an  independent 
variable.  The  study  considers  two  additional 
independent  variables:  the  statistical  distribu¬ 
tion  of  the  source  lasing  wavelength,  and  the 
allowed  operating  wavelength  window  (see  fig.  3). 

Some  assumptions  have  been  made.  The  range 
of  hydroxyl  quantity  explored  has  heen  limited  up 
to  the  one  which  produces  an  ahsortion  of  2.5 
dB/Km  at  the  1.39  Jim  hand.  That  is  reasonable 
because  in  current  fibre  plants  hydroxyl  quantity 
of  fibres  is  well  under  70  to  100  ppb. 

Dealing  with  the  source  lasing  wavelength, 
we  assume  a  population  average  in  the  range  from 
1300  to  1310  nm .  For  lasers  available  from  stock, 
most  manufacturers  offer  products  made  from  VPE 
or  T.PE  showing  a  nominal  lasinq  wavelength  of 
1300  nm.  More  recently,  a  number  of  manufacturers 
ar*»  producing  lasers  showing  a  wavelength  average 
more  closely  located  to  the  nominal  zero-disper¬ 
sion  wavelength  of  fibres.  Being  ze ro-di spe rs ion 
generally  specified  with  a  nominal  value  near  to 
M10  nm . 

The  source  lasing  wavelength  may  change  due 
to  a  number  of  reasons,  including:  manufacturing, 
ageing  and  temperature.  Ageing  variations  have 
been  reported  ~  to  be  of  some  few  nanometers,  in 
addition  in  most  situatior.s  the  lasers  operate 
under  controlled  temperature  environment.  There¬ 
for**,  the  more  significant  cause  of  changes  in 


lasing  wavelength  is  due  to  the  manufacturing 
processes.  Employing  a  LPE  grew  process,  a  wave¬ 
length  distribution  of  +  3.2  nm  within  a  wafer 

has  been  recently  reported**  .  However,  from 
wafer  to  wafer  the  variations  may  be  one  order  of 
magnitude  larger.  For  the  purpose  of  our  study  we 
assume  the  lasing  wavelength  distribution  to  be 
in  the  range  from  +_  10  nm  to  ^  40  nm  (+^  3  x  os) 
interval).  In  addition,  we  assume  the  distribu¬ 
tions  show  a  Gaussian  shape  as  proposed  by  Sears 
et  al . g  (see  last  paragraph  under  discussion 
heading) . 

Finally,  we  consider  two  particular  wave¬ 
length  wi  ndows  around  1.3  fj  m:  one  from  1295  to 
1330  nm  and  other  from  1290  to  1340  nm.  This  is 
because  such  windows  are  receiving  particular 
attention  wthin  some  large  national  and  inter¬ 
national  standa r iza t ion  bodies,  engaged  with 
works  on  fibre  optic  digital  line  systems,  such 
as  the  ETA  or  the  CCITT-COM  XV. 

Model  of  the  wavelength  dependance  of  fibre 
attenuation 

An  acurate  equation  which  would  describe 
the  wavelength  dependance  of  fibre  attenuation  is 
required  to  perform  the  Monte-Carlo  simulation. 
In  the  following  lines  it  is  indicated  the  nature 
of  those  factors  which  influence  the  spectrum  of 
fibre  attenuation  and,  then,  a  specific  aquation 
is  proposed  for  describing  the  total  loss  of  high 
silica  fibres.  Emphasis  is  given  to  the  hydroxyl 
(OH)  impurity  absortion. 

Impurity  Hydroxyl  (OH)  absortion.  Both,  tran¬ 
sition  metals  and  Hydroxyl  (OH)  ions  may  rise  to 
strong  absortion  peaks.  In  the  first  stage  of 
developing  low-loss  fibres,  the  transition  metal 
ions  were  major  loss  origings.  However,  by  using 
the  "soot  process",  it  is  no  longer  a  serious 
problem  to  reduce  the  transition  metal  impuri¬ 
ties.  In  recent  low-loss  glasses,  the  absortion 
due  to  these  ions  can  not  be  detected.  The  major 
reason  of  the  success  is  that  halides  of  and 

dopants,  are  used  as  the  raw  materials  of  glass: 
the  halides  of  transition  metal  are  easily 
removed  fr*xn  the  raw  materials  of  glass  by  a 
single  destilation. 

The  hydroxyl  (OH)  ion  in  silica  glass  gives 
rise  to  strong  absortion10  at  2.72  fj m,  which 

is  assigned  to  fundamental  stretching  vibrational 
mode.  The  overtones  and  the  combinations  tones 
with  -  0  -  Sj  bending  vibration  mode  here 

observed 10  •  11  ,  including  those  at  1.38  and  1.24 
urn  which  may  influence  the  fibre  performance 
when  operating  at  the  1.3  micrams  wavelength 
region.  The  nature  and  magnitude  of  OH  formation 
oppeared  to  depend  in  a  very  conplicated  v«y  of 
the  particular  type  of  silica,  its  past  history, 
and  the  conditions  of  an  eventual  treatment  with 
Hi.  Analysis  of  the  spectral  shape  of  the  OH 
Raman  and  TR  absortion  bands  in  pure  sili- 
ca11,1',  indicated  that  the  bands  consisted  of 
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several  unresolved  components  that  could  be  asso¬ 
ciated  with  different  types  of  sites  for  OH  for¬ 
mation  within  the  glass. 

The  absortion  peaks  shift  sligtly  by  doping 
the  pure  silica  with  other  oxides.  Measurements 
of  OH  formation  in  doped-silica  showed  a  OH 
absortion  spectrum  which  includes  an  additional 
overtone  absortion  peak  centered  at  1.4  1  m  in 
Ge02  doped  silica1'*14.  More  recently,  the  absor¬ 
tion  peak  at  2.86  jim  of  Ge02  glass  has  been 
reported,  as  well  as  a  peak  shifting  to  longer 
wavelength  (from  the  2.72  jjin  peak  in  pure 
silica)  when  increasing  the  Ge02  doping  con¬ 
tent  . 

in  addition,  when  OH  is  formed  by  H2 
treatment  of  fibers,  it  is  found  that  the  Ge  (OH) 
increases  more  rapidly  than  the  Sj  (OH).  Further¬ 
more,  the  amount  of  OH  formed  depends  on  the 
phosphorous  concent.rat ion  16  . 

Intrinsic  absortion  factors.  Under  this  paragraph 
it  will  be  considered  the  multiphonon  and  the 
ultraviolet  absortions,  and  the  Rayleigh  scatte¬ 
ring  loss  as  well. 

The  phonon  and  multiphonon  absortion  pro¬ 
cesses  increase  fibre  attenuation  in  Sj02  based 
fibres.  The  multiphonon  absortion  coefficient  of 
pure  silica  shows  strong  absortion  bands  at  8.1 
jim,  12.5  jji  m  and  2  1pm.  At  shorter  wavelength  the 
absortion  coefficient  is  given  1  . 

AMp  =  7.81  x  m11  exp  (-48.  48/ X  )  MB/Km)  (1) 

where  X  is  the  wavelength. 


in  Ge02” doped  fused  silica,  the  multiphonon 
absortion  spectrum  is  not  a  simple  superposition 
of  that  of  8^02  and  Ge02,  but  broader  and  more 
diffuse.  However,  the  spectrum  of  10  wt%  Ge02- 
- doped  fused  silica  is  almost  the  same  as  that  of 
nondoped  silica  except  for  a  slight  shift  of  the 
absortion  peaks  to  longer  wavelength.  In  P20^  and 
B20-}-doped  silica  the  absortion  spectrum  shifts 
to  shorter  wavelength  as  compared  to  the  pure 
s  i  1  ica  ,K  . 

Another  wavelength-dependant  intrinsic 
absortion  fenomena  deals  with  the  ultraviolet 
region.  Four  strong  absortion  bands  were  observed 
in  silica,',  attributed  to  excitomc  transition 
and  to  the  conduction  band.  The  absortion  tails 
of  doped  silica  glass  are  changed  by  the  dopping 
element  and  the  quantity.  The  absortion  tail  of 
Gef)2-doped  silica  shifts  toward  longer  wavelength 
region,  and  its  absortion  coefficient  has  been 
expressed  21  by 

ArTV  =  1542  A/(446  A  ♦  6000)  x 

x  10"2  exp  (4.63/X  )  MB/Km)  ( 2) 

where  A  is  the  ref  tact  ive- index  difference  of 
doped  silica  and  pure  silica. 


Rayleigh  scattering  loss  is  the  major  in¬ 
trinsic  source  of  loss  in  the  range  of  0.6  -1,6 
jim.  The  scatering  intensity  is  strongly  affected 
by  the  doping  element  and  the  quantity  because 
the  fictive  temperature  decreases  with  doping, 
therefore,  the  density  fluctuation  will  decrease. 

Using  the  data  reported  by  for  Ge02"doped 
silica,  the  Rayleigh  scattering  loss,  ARS,  as  a 
function  of  wavelength  and  refractive  index 
difference  has  been  expressed  :i  by 

ars  =  (0.51  A  +  0.76)/  X  4  MB/Km)  M) 

Total  loss  model  of  high  silica  fibres.  Summing 
up  above  descriptions,  the  spectral  attenuation 
of  Ge02~doped  silica  single-mode  fibres  nay  be 
described  in  the  1.3  jtm  region  by 

aT  =  aRS  +  tyv  +  Aoh  ( 4 ) 

Multiphonon  absortion  coefficient  is  not 
relevant  (cfr  eq .  (1))  when  fibres  operate  at  1.3 
urn  region.  AR$  is  given  by  eq.  (3).  In  the  A.JV 
contribution  we  assume  that  fibres  show  a 
refractive-index  differende  about  0.1%.  There¬ 
fore,  from  eq.  (?)  the  Ajjy  shows  a  roughly 
constant  performance  equal  to  0.Q2S  dR/Km  at  the 
1.3  microns  region. 

For  modeling  the  A^  contribution  we  employ 
the  representation  proposed  by  Walker22  which,  in 
spite  of  their  complexity,  is  to  our  knowledge 
the  most  accurate  model  proposed  to  date.  In  par¬ 
ticular,  the  1.24  and  the  1.38  n  m  OH  absortion 
bands  are  described  by 
<\ 

Aoh  =  “  j  Ci-  *  exP  *  “  *  *  *  *  i  ,2/2  n  2  )  ( 5  ) 

being  the  1.38  jim  absortion  band  represented  by  a 
quadruple  Gaussian  equation,  and  the  1.24  jjm 
absortion  band  by  a  double  Gaussian  equation. 
Coefficients  Xj  and  nj  are  given  in  table  1. 
Coefficients  Cj  depend  on  the  hydroxyl  (OH) 
quantity.  Figure  4  shows  the  Cj  coefficients 
when  eq.  (5)  is  fitted  to  measured  results  of  a 
fibre  showing  some  n  .  66  dB/Km  oh  absortion  at 
1.38  jjm.  Figure  5  shows  the  total  spectral  atte¬ 
nuation  measured  at  in  nm  intervals.  Note  that 
these  values  include  both  ultraviolet  absortion 
and  Rayleigh  scattering  loss  contributions.  For 
larger  Aq^  (1.38)  absortions,  we  assume  in  the 
calculations  that  the  Cj  coefficients  are  propor¬ 
tional  to  those  indicated  in  Figure  4  (which 
correspond  to  a  AoR  (1.38)  equal  to  0 . 5G  dR/Km). 

,  Results 

The  influence  of  hydroxyl  (*>10  on  the  atte¬ 
nuation  average  (X)  and  std.  deviation  (S)  of 
Ge02-doped  fused  silica  single-mode  fibres  were 
computed  by  a  Monte-Carlo  sampling  process.  The 
results  take  also  into  account:  (1)  the  lasing 
source  wavelength  distribution,  and  (2)  the 
allowed  intervals  of  the  optical  source  wuve- 
1 engt h. 
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Figaros  6  to  8  show  the  influence  of 
hydroxyl  (OH)  contents  in  the  spread  of  fibre 
at’enuation.  Such  spread  is  measured  by  the  3G/X 
(  *  )  ratio.  Fiqures  o  to  8  deal  with  a  3  x  (>  s 
value  nf  40,  10  and  1 0  nm  respectively. 

Figures  6  to  8  also  show  the  influence,  in 
the  fibre  attenuation  spread,  of  the  lasing 
average  wavelength  (  1300  to  1310  nm)  as  'veil  as 
the  impacts  of  limiting  the  operating  wavelength 
to  within  the  12*35-1  3  30  or  to  the  1280-1  340  nm 
w i ndows . 

divergences  wh ich  arise  due  to  OH  content, 
when  fibre  attenuation  is  described  either  by  a 
st.it  i st  ical  value  (X  +  K.S  dB/Km)  or  by  the 
worst-case  spectral  value,  within  the  allowed 
operating  wavelength  interval,  are  shown  in 
figures  8  a nd  10. 

Figure  ^  deals  with  the  wavelength  interval 
from  128  5  to  1330  nm,  and  figure  1 n  considers  the 
12H‘">  to  134’’  nm  window,  in  both  figures,  the  sta¬ 
tistical  (X  ♦  2 . 0  5  S  dB/Km)  and  the  worst -case 

spectral  attenuation  are  compared.  The  •h!  ahstr- 
t inn  overtone  A0^  (1.38)  covers  a  r  ange  f  r  •  m  ^  to 


Final  remarks 

D is cuss  ion 


Much  attention  has  been  ;vi  i  i  t’  reduce  -he 
hH-ion  impurity  quantity  in  fused  silma  fibres. 
However ,  figures  t->  8  show  ♦hi*-  i  sigrufi«-v\ 
h  yd r  ox  y  1  (  )H  qua  n t  i  ty  i  s  adm  i  .■»  i b  1  e  :  i  n  ;w  r  t  l  - 

cular,  up  to  2.°  or  2.5  dB /Km  absortion  {»*ak  i- 
1.38  y  m  Sand  {  md  even  more,  depen  ling  upon  the 
laser-source)  nay  be  beneficial  f it  reducing 
both:  the  attenuation  spread  mi  the  at  *enua*  inn 
average  as  well,  over  a  wavelength  ope  r  it  mg 
region  around  1.3  nicr>xis.  That  situation  could 
be  understood  as  a  "f  la  *■  teg  i  ng"  effect  in  the 
fibre  a poet ral-attenuat ion  caused  by  the  toleran¬ 
ces  in  the  laser-source  lasing  wavelength.  Tn 
other  words,  existing  manufa  :t ur i ng  tolerances  of 
mu  1 1 i long i t udi n ll  rondo  lasers  leads  a  loss-com- 
pens at  ion  effect  of  the  hydroxyl  absnrtion  bands 
in  the  1  .  3  fj  m  region. 

Fiqures  a  and  10  sugges*-  *  very  interesting 
cons  i  derat  ion  dealinq  which  what  could  be  a  pr  ac- 
t  ical  guide  for  limit  ing  the  admisible  hydroxyl 
absortion.  Tf  the  worst -case  spectral  attenuation 
(within  a  given  wavelength  window,  let  «;.iy 
1285-1  330  or  1280-1 34 h  nm)  r"lip<;  on  the  Rayleigh 
absorb  ion  tail,  the  hydroxyt  absortion  impacts  >iy 
some  3'*  (or  even  less,  see  fig.  'M  in  terms  of 
the  divergence  between  the  worst-case  value  and 
the  statistical  value  of  fibre  attenuation. 
However,  if  the  maximum  value  of  the  fibre 
spect  r  al -a  t  tenua  t  i  on  relies  on  the  tail  of  the 
1.38  fj  m  absortion  band,  that  divergence  n»y  ho 
quite  significant  (that  situation  is  shown  in 
fig.  1 ')  for  a  A(m  (1.38)  larger  than  2.H  dR/Fm). 


Concerning  the  equation  for  modeling  the 
fibre  spectral  attenuation,  we  have  noticed  that 
a  very  precise  model  is  required  to  get  an 
accurate  statistical  description  of  fibres  atte¬ 
nuation.  In  spite  of  its  complexity,  the  equation 
we  have  employed  shows  a  larqer  potential 
accuracy  than  the  equations  previously  proposed 
by  Cohen2'  and  by  Ishida  et  al.24  .  Furthermore, 

those  analytical  expresion  proposed  by  Cohen 
(  a  double  Gaussian  function  )  and  Ishida 
(T.orentz  i  an  functions)  were  really  empirical  and 
had  litle  definite  physical  basis.  However, 
equation  (5)  relies  on  a  physically  justifiable 
structure  for  OH  absortion  peaks  as  has  shown 
Stone  and  walrafe,:M  using  Raman  and  TR 
spectra  .  Their  preference  for  Gaussian  over 
Lorentzian  functions  is  based  on  the  response  of 
decoupled  OH  oscillators  to  the  random  structural 
distorsions  present  in  amorphous  fused  silica. 

Dealing  with  the  source  lasing  wavelength, 
i  t  is  recognized  that  improved  rrva  nu  f  act  ur  i  ng  pro¬ 
cesses  such  as  the  MDCW)  may  produce  lasers  wi  *■  h 
a  very  narrow  lasing  wavelonqth  distribution 
which,  in  addition,  may  shows  a  shape  far  fr'Tm 
Gaussian.  However,  based  upon  preliminary  calcu¬ 
lations,  we  have  tentatively  concluded  th.it  the 
narrower  the  lasing  wavelength  distribution  the 
1  esser  relevant.  (  f  r  om  the  vi  ewpo  i  nt  of  ♦•his 
study)  h  iw  the  actual  distribution  shape  should 
1  ’ok  s  like. 


Re  comen  da  t  ior, 

Based  upon  results  given  in  fi  gates  '*  and  1" 
md  a)  s'  cerxs  tder  irxg  above  discussion,  we  sug  jest 
fhat  i  practical  guide  for  limit  ma  the  accep- 
t  al  le  hydroxyl  contents  in  fused  'e<  '_-»-d'ipod 
silica  fibres  could  be:  That  (oh  quantity)  at 

which  the  at  ♦  enua  ♦  ion  a*-  the  upi'er-side  of  the 
wivelengt':  -iperating  window  (i.e.,  1  3  or  1  340' 

equals  that  at  ♦‘he  lower-side  fi.e.  1  28  5  or  128° 
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Fiqure  3  -  statistical  quantification  method  about  the  influence  of 

hydroxyl  (OH)  absort ion  peaks  in  the  attenuation  of  silica 
f ibres . 


WAVELENGTH  (NANOMETERS) 


Figure  4  -  Spectral  attenuation:  measured  results  and  fitted  curves 

(given  by  equations  (3)  and  (5),  being  Ayy  =  0.025  dB/Km). 
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WAVELENGTH  (nm) 


Figure  5 


Example  of  spectral  attenuation  of  a  Ge02"doped  silica 
single-mode  fibre.  Measurements  were  done  each  10  nm  from 
1250  to  1420  nm. 
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(3  *  Std  DEVIATION  7 
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OH  ABSORTION  (dB  Km)  AT  1  38  (A0h  (1  38)  ) 


Influence  of  hydroxyl  (oh)  impurity  in  the  attenuation 
spread  of  GeO^-dnped  sinqle-mnde  fibres  operating  in  the 
12H5-1330  nm  and  in  the  12*0-1  340  nm  windows.  The  standard 
deviation  in  the  source  lasing  wavelength  is  assumed  to  be 
1  1 .  1 1  nm  . 
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\  :  (  nm ) 


n  ^  (  nm ) 


1 

1 347.3 

13.9 

1378.9 

7.0 

3 

1390.0 

11.7 

4 

1401.6 

27.7 

5 

1242.6 

8.5 

6 

1256.2 

13.6 

Table  1  -  Coefficients  of  Aqh  (1.38)  in  equation 
(5). 
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A  NOVEL  EVALUATION  TECHNIQUE  AND  REFRACTIVE  INDEX  PROFILE  CONTROL  IN  THE  VAD  METHOD. 


S.  OKUBO  W.  NAKAGAWA  S.  ASARI 


TATSUTA  ELECTRIC  WIRE  &  CABLE  Co.,  Ltd. 


ABSTRACT 


The  Gl  optical  fiber  stabilizes  the  group  delay  between  modes 
by  controlling  the  refractive  index  profile  which  provides  a  wide 
bandwidth  for  data  transmission.  A  mismatch  of  refractive  index 
may  degrade  the  6dB  bandwidth  or  harm  the  baseband  frequency 
response. 

The  refractive  index  profile  of  a  Gl  fiber  made  by  the  VAD  pro¬ 
cess  is  formed  over  the  whole  core  simultaneously  in  soot 
preform  synthesis.  This  effect  has  often  provided  the  fiber  with  a 
smooth  distribution  of  the  refractive  index  but  the  refractive  index 
profile  in  the  peripheral  area  of  the  core  has  tended  to  assume 
the  shape  of  a  Gaussian  distribution. 

By  adopting  a  new  method  to  estimate  the  refractive  index 
profile,  the  authors  have  determined  the  requirements  for  Gl  opti¬ 
cal  fiber.  By  improving  the  technology  for  controlling  the  refrac¬ 
tive  index  profile,  we  have  also  developed  a  fabrication  technique 
for  G!  optical  fiber  preforms  with  the  optimum  distribution  of  refrac¬ 
tive  index  over  the  core. 


1.  INTRODUCTION 


The  Gl  optical  fiber  has  low  losses  and  a  wide  bandwidth,  and 
offers  easy  connection  for  short  and  middle-distance  communica¬ 
tions. 

The  refractive  index  profile  of  a  Gl  fiber  made  by  the  VAD  pro¬ 
cess  is  formed  over  the  whole  core  simultaneously  in  soot 
p reform  synthesis.  This  effect  provides  the  fiber  with  a  smooth 
distribution  of  refractive  index  and  has  the  advantage  of  reducing 
the  refractive  index  dip  at  the  center  of  the  core  -  this  improves 
the  transmission  bandwidth. 

But  some  optical  fibers  made  by  the  VAD  method  degrade 
the  baseband  frequency  response,  which  may  make  the  perfor¬ 
mance  unstable  when  it  is  processed  for  cabling. 

The  authors  have  determined  how  to  estimate  the  distribution 
of  the  refractive  index  and  have  found  that  fluctuation  of 
baseband  frequency  response  can  be  attributed  to  an  uneven  dis¬ 
tribution  of  refractive  index  outside  the  core.  On  this  basis,  it  has 
been  possible  to  form  a  refractive  index  profile  that  is  ideal  for  Gl 
optical  fiber.  The  transmission  characteristics  of  an  optical  fiber 
made  by  this  method  are  excellent. 

2.  Problems  with  the  conventional  way  of  estimating  the  refractive 
index  profile 

In  the  Gl  optical  fiber,  a  suitable  refractive  index  profile  is 
used  to  make  the  group  delay  between  modes  suitable.  Figure  1. 
for  a  wavelength  of  1.3^^,  shows  the  relation  between  the  pro¬ 


file  parameter  (  a  )  of  the  refractive  index  distribution  and  the  6 
dB  bandwidth  (a  is  calculated  by  the  least  squares  method).  The 
refractive  index,  determined  in  the  process  of  transparent 
preform,  varies  from  20  to  80%  of  the  maximum  refractive  index 
in  the  core. 


Fig.  1  Relation  between  profile  parameter  a 
and  6  dB  bandwidth 

Aware  of  these  relations,  the  authors  have  examined  a  meth¬ 
od  to  control  the  distribution  of  the  refractive  index  during  the  pro¬ 
cess  of  manufacturing  soot  preforms,  and  have  estimated  the  6 
dB  bandwidth  after  fiber  drawing.  Although  estimating  the  6  dB 
bandwidth  after  fiber  drawing  is  easy  for  transparent  preforms, 
this  method  is  not  accurate  enough  nor  does  it  allow  us  to  predict 
whether  the  baseband  frequency  response  will  deteriorate. 

The  authors  have  examined  a  new  method  for  estimating  the 
distribution  of  the  ,  efractive  index,  based  on  the  assumption  that 
the  problem  is  caused  by  deviation  of  the  actual  distribution  from 
the  calculated  or . 

3.  Improved  method  for  estimating  the  refractive  index  profile 

The  conventional  method  of  estimating  the  refractive  index 
profile  determines  a  in  the  range  of  20  to  80%  of  the  maximum 
variation  in  the  refractive  index  of  the  core.  This  method  has  the 
following  problems  which  are  yet  to  be  resolved: 

(1'  A  mismatch  of  refractive  index  profile  outside  the  range  used 
to  determine  a  cannot  be  estimated. 
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(2)  The  estimated  bandwidth,  based  on  the  data  on  its  statistical 
relativities,  does  not  allow  the  baseband  frequency  response 
to  be  estimated  from  an  actual  refractive  index  profile 
Because  of  this,  we  have  examined  a  new  method  to  improve  the 
estimation  of  a  refractive  index  profile. 

3.1  Improving  the  conventional  method. 

Making  an  estimate  near  the  outside  of  an  optical  fiber  core 
(part  equal  to  or  less  than  20%  of  the  difference  in  maximum 
refractive  index),  where  many  modes  are  set  up  outside  the 
range  used  to  determine  (and  which  is  not  estimated  in  the  con¬ 
ventional  method),  is  done  as  follows: 

K(n)  =  ID(n)- 1  (n)]/l(n)  x  100 

Where,  at  a  refractive  index  difference  of  n%. 

Kfn):  Deviation  from  the  calculated  refractive  index  profile 
(  a  curve) 

D(n):  Diameter  of  actual  distribution  of  the  refractive  index 
I (n):  Diameter  of  the  calculated  refractive  index  profile 
(  <•*  curve) 

A  coefficient  of  correlation  (R)  given  by  the  least  squares 
method  is  used  to  determine  matching  of  the  calculated  <>  curve 
and  the  actual  distribution  of  the  refractive  index  between  20% 
and  80%. 

Figure  2  shows  an  example  of  refractive  index  profile  of  a 
preform  for  a  conventional  VAD  optical  fiber.  K(n).  and  R. 
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Fig.  2  Example  of  Refractive  Index  Profile 


3.2  Examining  the  method  for  estimating  the  baseband  frequency 
response. 

The  authors  have  used  the  given  refractive  index  profile  of  a 
transparent  preform  to  develop  a  method  for  estimating  the 
baseband  frequency  response. 

Figure  4  is  a  flow  chart  indicating  this  method.  The  distribution 
of  the  refractive  index  is  first  divided  into  layers  at  determined  in¬ 
tervals  of  refractive  index,  then  the  light  path  length  and  the  aver¬ 
age  refractive  index  are  determined  consecutively  from  the  lower 
modes  to  the  higher  ones  using  a  light-tracking  method.  Next,  a 
signal  frequency  is  introduced  to  each  mode  and  the  baseband 
frequency  response  is  calculated  at  the  end  of  light  emission. 


Figure  3  shows  the  relations  between  K(t2)  and  R  of  a  trans¬ 
parent  preform  whose  a  is  from  1.90  to  1.95.  These  results  show 
us  that  K(12)  is  related  to  R  in  a  primary  correlation  and  that, 
when  K(12)  is  greater  than  2.5,  the  baseband  frequency  response 
begins  to  deteriorate  and  deviate.  When  R  is  equal  to  or  less 
than  0.9990,  the  6  dB  bandwidth  value  is  degraded. 


0  1  2  3 


Deviation  k(12)  (%) 

Fig.  3  Relation  between  Deviation  k(12)  and 
Coefficient  of  Correlation 


Fig.  4  Flow  Chart 


Figure  5  shows  that  baseband  frequency  response  estimated 
in  this  way  correspond  well  to  the  actual  ones.  This  method  also 
shows  that  the  deformation  of  baseband  frequency  response 
waveform  increases  as  the  mismatch  around  a  core,  K(12).  in¬ 
creases. 


Frequency  (MHz.km) 

Fig.  5  Baseband  frequency  response 
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4.  Improving  the  refractive  index  profile 

To  manufacture  a  Gl  optical  fiber  with  good  baseband  fre¬ 
quency  response  at  1.3  Atm.  three  requirements  must  be  satisfied: 

(1) The  value  of  a  must  be  between  1.85  and  1.95. 

(2)  Mismatch  around  the  core  must  be  small  (0  <  K(12)  <  2.5). 

(3)  The  refractive  index  profile  must  be  well  matched  (R  > 
0.9990). 

Obviously,  these  requirements  can  be  satisfied  only  under  a  small 
range  of  conditions. 

Next,  the  authors  decided  to  improve  the  technology  for  con¬ 
trolling  the  refractive  index  profile.  In  examining  the  distribution  me¬ 
chanism  of  Ge02  used  for  this  procedure,  we  have  taken  into  con¬ 
sideration  the  following  points: 

(a)  Reducing  the  unevenness  in  the  refractive  index  distribution 
(VAD  process) 

(b)  Correcting  the  refractive  index  profile  around  the  core  (con¬ 
solidation  process) 


Figure  7  shows  the  relations  between  the  mixing  rate  of  the 
material  and  the  deviation  K(0).  From  this  figure,  we  can  say  *hat 
adequate  mixing  of  materials  minimizes  the  values  of  K(0)  The 
VAD  process,  which  does  not  allow  K(0)  and  K(12>  to  be  mini¬ 
mized  at  the  same  time,  first  minimizes  K(0)  before  correcting  the 
remaining  mismatch  around  the  core  in  the  consolidation  process 


o 

-X 


c 
o 

4.1  Reducing  the  unevenness  in  the  refractive  index  profile  in  the  $ 

VAD  process  S 

Figure  6  outlines  the  VAD  process.  The  reaction  in  the  VAD  Q 

process  can  be  expressed  by  equations  (1)  and  (2);  the  distrib¬ 
ution  of  the  refractive  index  formed  by  this  reaction  can  be  con¬ 
trolled  by  temperature  distribution  on  the  soot  growing  surface, 
the  set  point  of  the  burner,  and  the  mixing  rate  of  the  raw 
material  and  gas.  The  mismatched  distribution  of  refractive  index 
around  a  core  depends  largely  on  the  mixing  rate  of  the  materials  0  100  200 

of  first  layers  (SiCl4  +  GeCl^j)  and  of  second  layers  (SiC^)  sup-  2nd  Layer  SiC14  (Ar-cc/min) 

plied  to  flame  burner.  Fig.  7  Relation  between  mixing  rate  of  the  material  and 

Deviation  k(0) 


4.2  Correcting  the  refractive  index  profile  around  a  core  in  the 
consolidation  process 

The  consolidation  process  obtains  a  transparent  preform  from 
the  soot  preform  and  removes  hydroxide  from  it  at  the  same  time. 
The  conventional  method  uses  a  desiccant  such  as  CI2  for  the 
soot  preform  but  adding  CI2  accelerates  this  dehydration  and 
reverse  the  reaction  (See  Equation  (2)).  These  effects  change 
the  refractive  index  profile  formed  in  the  VAD  process. 

Figure  8  shows  two  refractive  index  profiles  that  can  be  ob¬ 
tained  by  adding  O2  fa)  and  CI2  (b)  to  the  consolidation  atmos¬ 
phere.  As  these  two  distributions  show,  the  CI2  affects  the  entire 
soot  preform  and  changes  the  refractive  index  profile  throughout 
the  core. 


Fig.  6  VAD  process 


SiCI4  +  02  - >  Si02  +  2CI2  (1) 

GeCl4  +  02  - >  Ge02  +  2CI2  (2) 

Equation  of  reactions 


Fig.  8  Refractive  index  profile  obtained  by 
consolidation  Atmosphere 
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Only  the  outside  of  the  core  can  be  corrected  for  faulty  refrac¬ 
tive  index  profile  as  Figure  7(a),  so  the  authors  think  that,  if  a  Ge- 
removing  agent  with  high  reactivity  to  Ge02  can  be  found  .  Ge 
can  be  reduced  strongly  from  the  outside  of  a  core,  and  any  mis¬ 
matched  refractive  index  profile  around  the  core  will  be  corrected 
effectively. 

Equation  (3)  represents  a  Ge  reduction  eaction  using  thlonyl 
chloride,  where  the  Gibbs  energy  at  1000°C  is  calculated  to  be 
77kcal/mol.  This  value  is  extremely  low  compared  to  the  Gibbs 
energy  -6kcal/mol  of  reversing  the  reaction  as  shown  in  equation 
(2).  and  allows  us  to  estimate  how  far  the  reaction  goes. 

Ge02  +  2SOCU - >  GeCI4  +  2SO.  (3) 

Equation  of  reactions 

Figure  9  shows  the  relation  between  the  amount  of  thlonyl 
chloride  added  to  the  consolidation  process  atmosphere  and 
K(12>.  In  this  case,  where  the  K(0)  of  the  soot  preform  in  the 
VAD  process  is  set  to  0%.  a  transparent  preform  with  an  op¬ 
timum  profile  can  be  obtained  by  adding  enough  thlonyl  chloride  to 
make  K(  12)  =  0%. 


Fig.  9  Relation  between  reductant  ratio 
and  Deviation  k(12) 


Figure  10  represents  a  preform  obtained  in  this  way.  with  an 
ideal  refractive  index  profile  throughout  the  core.  K(12)  and  R  in 
the  refractive  index  profile  are  nearly  0%  and  more  than  0.9995 
respectively.  The  authors’  examination  of  these  results  indicated 
that  the  improvement  of  refractive  index  profile  is  effective. 


INDEX  A 

t  PROFILE 

l 

[  +0  17 

Alpha  =  1.923 

l  \  Alpha  =  1.933 

r  \ 

K(  1 8)  =  0.2  /  ^ 

[  \  K(  1 8)  =  0.1 

K(  12)  =  0.2  /  j 

r  \  K(  12)  =  0.3 

K<6>  =  0.1  /  1 

[  \  K(6)  =  0.2 

K(0)  =  0.2  /  J 

[  \  K(0)  =  0.2 

R  =  0.9996  /  j 

r  \  R  =  0.9995 

.  i.  Ui.1.  Uu/iU4*-4fUWl*-W4-H-*J 

tt-i  ».i  till  > l  +-f  ui  +4  >  l  f  1  •  1  *  1  1 1 1  h  4 1 1  • 

rr^PT  »  ■  >  *  1  *  I  ■  7  ,  *TT*i*TTT*  l  l  j 

20  j 

L  I  1*1*1  I  T  T  1  T  1  +  +-+-+-*^-+  i-W  T  T+-+J  1*1 

t  002  *Z0 

1 

f-  RADIUS  (mm) 

Fig.  10  Optimum  Refractive  Index  Profile 


5.  Characteristics  of  the  optical  fiber 

We  used  transparent  preform  as  shown  in  Figure  10  to  make 
optical  fibers  for  testing.  We  made  a  cable  to  estimate  its  fiber 
preformance.  The  fiber  are  coated  with  a  silicon  resin  and 
jacketted  with  nyion  resin.  Six  of  these  fibers  are  wound  tightly 
around  a  steel  wire  to  make  a  six  fiber  unit.  These  units  are 
wound  with  interstitial  material  before  being  covered  with  a  water- 
resistant  laminated  aluminium-polyethylene  sheath.  The  finished 
cable  is  shown  in  Figure  11. 


Fig  1 1  Construction  of  24  Fiber  Cores  Cable 


The  fiber  parameters  and  transmission  characteristics  of  this 
cable  are  all  satisfactory,  as  indicated  in  Table  1.  The  bandwidth 
characteristics,  which  are  particularly  important,  are  very  stable 
at  all  stages  as  shown  in  Figure  12. 


Table  1  CHARACTERISTICS  OF  FINISHED 
OPTICAL  FIBER  CABLE 


| 

ITEM 

DATA  (AVE) 

1  FIBER  PARAMETER 

CORE  DIAMETER 

( (iml 

1  50.2 

j 

CLADDING  DIAMETER 

<Mm) 

1252 

CORE  CONCENTRICITY 

<%) 

23 

CORE  NON-CIRCULARITY  (%) 

12 

1 

REFRACTIVE  INDEX  DIFFERENCE 

00153 

TRANSMISSION 

[optical  loss 

(dB/km) 

049 

CHARACTERISTICS  1 

6  dB  BAND  WIDTH  (MHz.km) 

>  1000 

(13  Mm) 

Frequency  (MHz. km) 

Fig.  12  Baseband  frequency  response 
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6  Conclusion 


The  method  described  in  this  report  for  determining  the  refrac¬ 
tive  index  distribution  specifies  the  conditions  under  which  a  Gl 
optical  fiber  has  good  baseband  frequency  response 

To  meet  these  conditions,  further  investigation  was  made  into 
the  manufacturing  conditions  of  the  preform.  The  resulting 
preform  achieved  the  ideal  retractive  index  profile  over  the  whole 
core 

The  optical  fiber  characteristics  of  the  preform  obtained  by 
this  method  provide  better  baseband  frequency  response  than 
those  available  by  conventional  methods. 
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Abstract 

Fi ber /met a  1 1 i c  service  and  distri¬ 
bution  media  are  being  developed  for*  use 
in  subscriber  loop  distribution  systems. 
Combining  copp^**  and  lightguide  in  common 
structures  permits  the  early  placement  of 
fiber  to  customer  premises,  provides  ini¬ 
tial  service  over  copper  and  prepares  for 
the  implementation  of  wideband  service 
over  fiber. 

These  products  are  existing  multipair 
copper  structures  with  one  pair  (or  more) 
replaced  by  a  reinforced  buffered  single¬ 
mode  fiber'  unit.  Dual  media  versions  of 
gopher  and  non-gopher  buried  wire  and  aer¬ 
ial  w i ** e  are  planned. 

Introduction 

Lightwave  transmission  systems  are 
widely  deployed  in  high-capacity  long- 
haul,  interoffice  and  subscriber  loop 
feeder  applications.  The  system  archi¬ 
tectures  combine  low  loss  fiber  and  reli¬ 
able  b  i  gh-per  f  orrr.ance  devices  to  provide 
enormous  i n f orma t i on  carrying  capacity  at 
relatively  low  cost.1*2 

dingle-mode  technology  nas  become  the 
first  choice  for  these  systems  and  is  pre¬ 
ferred  for  future  local  distribution 
systems.1*3  Single-mode  f  i  b  e  **  exhibits 
lower*  loss  and  nas  a  bandwidth  potential 
of  about  Ct>,00  0  gigahertz. 

Lightwave  subscriber  loop  distribution 
systems,  now  being  developed  to  provide 
fiber*  to  the  home,  face  challenges  not 
encountered  in  the  deployed  long-r ange 
systems.  Distribution  cables  branch  down¬ 
ward  in  fiber  count  to  supply  one  or  two 
f i b e r s  to  each  home  causing  a  corre¬ 
sponding  increase  in  cable  sheath,  place¬ 
ment,  and  splicing  costs  per  fiber*.  Fiber* 
termination  at  the  home  requires  a  dedi¬ 
cated  end-point  electronic  device  which  is 
not  easily  snared.  Utilization  of  distri¬ 
bution  system  capacity  depends  upon  the 
arrival  of  the  optical  network,  develop¬ 
ment  of  end-point  electronic  devices  and 
generation  of  new  services. 


Nevertheless,  the  benefit  of  an  ail 
fiber*  communication  network  will  cause 
these  challenges  to  be  met.1*2*4  Digital 
transmission  over*  fiber  will  allow  full 
realization  of  an  Integrated  Services 
Digital  Network.1  •  2  Ser* vice  upgrades  will 
be  accomplished  e  l  ec t r on i ca 1 1 y  thus  avoid¬ 
ing  premature  plant  obsolescence.  Service 
possibilities  will  be  limited  by  man’s 
imagination  rather  than  system  bandwidth. 

The  subscriber  loop  distribution  plant 
can  be  prepared  for  fiber*  now  as  copper 
facilities  are  installed  by  serving  each 
home  over  a  Fiber*  /Metallic  Distribution 
S  e  r  v  i  5  •»  da  ole.  These  composite  cables  are 
t h “  subject  of  this  paper.  The  Fiber/ 

M  *»  t  1 1  i  i  c  J  °  n  ce  p  t  for  economically  intro¬ 
ducing  fib*»r  into  the  local  buried  distri¬ 
ct  ;  *•- n  ;  in*  by  employing  composite  media 
Je  :..***  i  !•.**  ■:  :n  a  companion  paper.5 

■  **':.♦  i  i  .  i-  '  r  r  1  Per  /Me  t  a  1  1  i  c  Med  i  a 

r  ;  D*-?-  /  Met  a  1 1  i  c  Distribution  Service 
0 a  o  ,  i» o,  a ?  v  existing  22  A WG  m u  1 1  i  pa  i  r  ,  aer  - 
:  a  1  o *•  b u r  i  e d  copper*  wires  with  one  or 
more  twisted  pair’s  replaced  with  a  rein¬ 
forced  buffered  single-mode  fiber  unit. 

Tne  fiber*  uni  *3  and  twisted  pair's  have 
exchange  cable  transmission  character¬ 
istics.  The  resulting  transmission  range 
of  seven  miles  permits  its  use  in  a  v a r i - 
e t y  of  plant  applications  and  archi¬ 
tectures  . 

Composite  cables  are  primarily  an  eco¬ 
nomical  means  for  placing  fiber*  to  resi¬ 
dences  w  h  i  1  <=»  installing  copper  ser*  vice 
facilities  today.  The  early  placement  of 
fiber*  in  aerial  or  buried  service  cable 
will  facilitate  the  later*  transition  from 
a  metallic  to  an  optical  operating  system. 
Obviously,  t  he  first  cost  for*  installing 
fiber  to  customer  premises  is  minimized  by 
*■.0  10  approach.  Initial  ser* vice  is  over 
the  copper  pai»*s  while  future  wideband 
ser*  vice  over  fiber*  awaits  the  arrival  of 
the  fiber  network  and  development  of  asso¬ 
ciated  hardware  and  electronics. 

With  the  Fiber /Metal  lie  Distribution 
Service  Cable  in  place,  service  will 
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evolve  from  the  copper  pairs  to  the 
optical  fibers.  Plain-Old-Telephone- 
■Service  can  begin  immediately  over  a 
copper'  pair.  Other’  copper’  pair,s  may  serve 
as  second  lines  or  alarm  circuits. 

At  a  later  date,  more  sophisticated 
offer  in  gs  requiring  more  bandwidth  and 
customer  interaction  such  as  electronic 
newspaper s  and  mail,  catalogs  and  shop¬ 
ping,  banking  and  business  activities, 
data  and  computer’  functions  and  cable  tele¬ 
vision  may  be  served  over*  fiber  through  a 
remote  terminal.  For'  ♦■his  application, 
copper  pairs  may  provide  power  to 
on-premise  electronics  or’  serve  as  control 
circuits.  Still  later,  all  offerings  may 
be  provided  over  the  optical  fiber*  with 
on-premise  electronics  powered  by  the 
power  or  telephone  operating  company.  The 
copper*  pair’s  are  also  useful  for  circuit 
maintenance  . 

Fiber  Unit  Design  Criteria 

The  Fiber* /  Metallic  Distribution 
Service  Cables  can  be  manufactured  on 
copper  cabling  facilities  by  combining  the 
reinforced  buffered  fiber*  unit  with  the 
host  copper  w:*e.  The  fiber  unit  must 
survive  the  cabling  process  without  spe¬ 
cial  handling.  The  unit  must  be  sized  to 
replace  a  single  pair*  of  insulated  2  2  A W G 
distribution  wire  conductors  to  permit  a 
variety  of  fiber*  uni**  and  pair  combina¬ 
tions  for  each  cable  sheath.  The  unit 
must  n o  *  degrade  the  performance  of  the 
h  os*  s  t  r  u  c t  u  r  e . 

Such  composite  cables  will  be  handled 
and  placed  by  the  same  methods  and  instal¬ 
lation  personnel  as  their  all- copper 
counter  parts.  Accordingly,  the  fiber* 
unit  must  be  robust  enough  to  withstand 
plowing  and  trenching  or*  aerial  stringing 
of  the  host  structure  and  be  capable  of 
survival  outside  the  host  structure  in  a 
Separate  run  to  a  fiber*  storage  or  termina¬ 
tion  point. 

A  tensile  load  capability  of  approxi¬ 
mately  1  00  pounds  (  4  4  5  N  )  is  required  for* 
the  fiber  unit  to  survive  in  a  buried  dis¬ 
tribution  wire  structure.  Buried  wires 
have  minimum  breaKing  strengths  of  IbO 
pounds  ( 6 o 8 N  )  with  onset  of  damage  occur¬ 
ring  near  100  pounds  (445N).  Loads  near 
1 00  pounds  ( 4 4 b N )  may  develop  on  rare  occa¬ 
sions  during  wire  plowing  and  are  local¬ 
ized  to  a  relatively  short  section  of  wire. 
The  high  tensile  stiffness  strength  mem¬ 
bers  of  the  unit,  which  are  required  to 
protect  the  fiber,  will  accept  most  of  the 
cable  tensile  loads.  In  self  supported 
aerial  wire  structures,  the  unit  will  o  e 
slightly  undulated  causing  *  h  e  wire 
strength  members  to  accept  the  full  load. 

A  minimum  bend  radius  of  1  inch  (2b 


mm)  is  needed  to  match  that  required  for 
successful  plowing  of  buried  wir*e  .  This 
is  a  supported  bend  for'  the  unit  inside 
the  wire  structure.  The  unit  may  experi¬ 
ence  bending  to  the  minimum  radius  during 
termination  but  installation  radii  will  be 
greater  than  1  1/2  inches  (38  mm). 

Even  though  the  unit  must  bend,  some 
stiffness  is  required  so  that  the  fiber- 
unit  does  not  follow  the  twists  and  turns 
of  neighboring  twisted  pairs.  The  fiber* 
should  remain  as  straight  as  possible  to 
minimize  bend  losses. 

The  unit  must  also  withstand  compres¬ 
sive  loads  which  develop  in  the  cable  manu¬ 
facturing  process  and  during  cable  instal¬ 
lation.  The  highest  load  is  1  b  d  pounds 
per’  inch  (2b3  N  /  c  m )  which  is  the  static 
load  equivalent  of  repeated  impacts  by 
vehicles  on  structures  laid  across  road¬ 
ways  during  installation. 

An  outer  diameter  of  approximately 
0.120  inches  (3  mm)  is  desired  to  permit 
the  unit  to  replace  a  single  twisted  pair. 
This  is  approximately  tne  diameter  of  th-:> 
circular  space  needed  for  the  twisted  pair* 
of  buried  distribution  wire  conductor’s 
which  are  insulated  to  a  diameter -over- 
dielec  trie  of  0  ubb  inches  (1.5  mm). 
Matching  the  sizes  of  these  media  elements 
permits  a  variety  of  unit  and  pair*  corr.Qi- 
nations  within  a  given  sheath. 

The  unit  must  be  water  resistant  to 
prevent  fiber  damage  due  to  wate**  induced 
crack  propagation  or*  freezing  and  to  main¬ 
tain  the  water*  resistance  of  the  host 
structure.  Water  blockage  is  accomplished 
by  employing  a  solid  jacket,  a  solid  buff¬ 
er*  ed  fiber,  impregnated  fiber  glass 
strength  member's  and  filling  compound  in 
the  remaining  space.  The  filling  compound 
is  selected  for  proper*  viscosity  and  shear* 
s t r e n g t h  to  maintain  the  optical  fiber*  in 
a  relatively  low  state  of  stress. 

The  unit  should  accommodate  either 
single-mode  or*  multimode  fiber*,  but 
single-mode  fiber  is  prefer* red. 

Single-mode  f i ber  has  a  large  bandwidth, 
permitting  upgrades  of  subscriber 
offerings  without  plant  replacement  or* 
reinforcement.  It  decreases  the  number  of 
fiber's  required  *  h  ”  o  u  g  h  o  u  t  *  he  distribu¬ 
tion  plan*  for  each  subscriber.  The 
single-mod-:  fiber  unit  should  meet  the 
maximum  i  o  d  i  v  i  j  u  a  1  fiber  less  r*  e  q  u  i  r*  e  m  e  n  t  ^ 
for*  exchange  cable,  0 . 7  O  d  B  /  -c  m  at  1  3  1  0  n  m 
and  ’) .  oo  <Jp/k.m  a*  1  o  b  0  nm. 

Tne  unit  must  be  materially  compatible 
with  *  he  hos*.  structure.  The  presence  of 

*  he  unit  must  not  affect  the  flame  retar - 
J a n c e  of  the  completed  c a  b 1 e  which  con- 

*  acts  customers  premises.  The  unit  must 
not  b ►»  a d  v e ” s °  1  y  affected  by  *  h e  flame 
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r  e  a  r  j  a  n  *■  w  i  *•  p  filling  ">  irs  pound.  T  n  e  u  n ;  t 
mus*  n  *  degrade  •'fie  f  rafiatissinn  perfor- 
Tine**  of  t  fie  copper  pnirs  .  The  materials 
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Juried  cable  laid  on  *op  of  the  ground  for 
emergen  ,v>  y  r  ^pai  r  o  •'  lat  e  r  burial  and  aer¬ 
ial  cable  may  experience  the  full  temper  - 
a  t  u  r  e  r  a  n  g  e  . 


Fiber  Unit  Design 

A  design  for  a  reinforced  buffered 
fiber  unit  which  meets  •‘he  above  criteria 
is  shown  in  Figure  l.  This  design  con¬ 
sists  of  buffered  single-mode  fiber-  in  ♦'he 
center  of  a  *ri  angular  shaped  cavity 
formed  by  stranding  three  r  1  -a t  strength 
members  about  the  buffered  fiber.  rilling 
compound  is  f  1  o r> d e d  into  *  h e  cavity  c o n - 
taining  the  buffered  fiber-  and  over  the 
assembled  t r*  i  a  n  g  u  l  a  r*  core.  The  flooded 
o o r e  is  enclosed  with  a  nylon  jacket. 


f'GURC  ’•  REINFORCED  BUFFERED  FIBER  UNIT 


The  filling  compound  is  a  colloidal 
par^icle-fiii^d  grease  selected  t  o  e  f  f  e  c  - 
t  i  v e  i  y  block  entry  o  f  water  into  t  n e  o o »• « 
while  minimizing  the  a  d  d  °  d  loss  t  o  *■  n  e 
unit.  The  grease  does  not  adversely 
affect  the  properties  of  the  unit  over  the 
operating  temperature  range  and  is  rela¬ 
tively  free  of  syn^r-esis  over  this  same 
range.  The  material  has  a  relatively  low 

shear  modulus  to  maintain  the  optical 
fiber  in  a  relatively  low  state  of  stress 
and  minimize  microbending  loss. 

The  unit  jacket  is  a  selected  nylon. 
Tnis  nylon  has  a  relatively  high  modulus 
which  contributes  to  impact  and  compres¬ 
sion  resistance  yet  allows  the  unit  to  be 
flexible.  It  has  relatively  low  shrinkage 
and  low  moisture  absorption  which  provide 
dimensional  stability  for-  good  loss  perfor¬ 
mance. 

The  capability  of  this  fiber-  unit  de¬ 
sign  to  meet  the  above  design  criteria  was 
verified  in  a  series  of  tests.  A  partial 
list  of  the  tests  and  representative  test 
results  are  given  in  Appendix  A. 

buried  Fiber /Metwllic  Cable  -  Nongopher 

Buried  Fi oer/Metal 1 ic  Distribution 
Service  Cable  for  use  in  non  gopher  areas 
h as  been  manufactured  and  is  shown  in 
Figure  2.  Th"  cable  is  available  in 
she  a  t  h  sizes  which  accommodate  three,  four 
or  five  transmission  media  elements.  The 
fiber-  elements  are  the  reinforced  buffered 
fiber  units.  The  copper-  elements  are 
*  w  i  s  t  e  d  pai»-s  of  individually  insulated  2  2 
AWT  copper  conductors.  A  water  ana  flame 
retardant  the  r  mo  plastic  filling  compound 
encapsulates  the  pair’s  and  units  after 
which  they  ire  enclosed  by  a  polyester 
c o r e  wrap  .  The  outer-  surface  of  the 
wrapped  core  is  covered  by  a  second  appli¬ 
cation  of  filling  compound.  A  corrugated 
bronze  shield  is  formed  over  the  wrapped 
core.  The  oute»-  surface  of  the  shield  is 
flooded  with  a  flame  retardant  flooding 
compound.  A  black  vinyl  jacket  is  applied 
directly  over-  the  flooded  shield  and  a 
jacket  slitting  cor'd  to  complete  the 
s  t  r  u  c  t  u  r  e  . 


The  finer  buffer  is  a  polyester  elas- 
tome?-  which  is  compatible  with  the  filling 
compound  and  affords  excellent  impact  pro¬ 
jection  to  the  fiber-.  The  buffer*  diameter 
is  0  .  >  j  j  b  inch  (  j  .  -3  u  mm),  the  same  diameter- 
as  building  cable  buffered  fibers,  to  per  - 
mit  a  wide  selection  of  fiber-  con  n  e  ;  c  ;  ~s  . 

The  strength  members  are  impregnated 
fiber-  glass  rovings.1*  Imp  r*  eg  nation  pro¬ 
tects  the  fiber  glass  filaments  from  abra¬ 
sion  induced  flaws  by  neighboring  fila¬ 
ments,  causes  filament  flaws  to  be 
bridged,  distributes  tensile  loads  evenly 
over  all  filaments  and  blocks  water.* 
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FIQURE  2  BURED  FIBER /METALLIC  CABLE  (NON-OOPHER) 
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B  r  i  ®  d  f  i  d  ®  r  /  m  e  t  a  1  l  i  c  d  :  3  t  r  i  b  u  *  i  "*  r » 
service  cable  for  use  in  goph®r  i"**  ts  is 
being  developed  and  is  shown  in  Figure  j. 
The  cable  sheath  sides  will  aco  ^  rr*  m  ’•du*  ® 
*ih!’pp  ,  four*  or  five  m®dia  element  .  Tri® 
media  elements  and  an  inn*1?’  j  a  c  w  ®  + 
slitting  cord  a  r  ®  encapsulated  in  *  n® 
flam®  *'  e  f  a  r  d  a  n  t  filling  o-^mpounJ  ins:  l*-*  i 
polye*!hylone  jacket.  Copper’  clad  s^iin- 
l  ess  s^eei  armor  is  helically  wrapped  "» v®r 
t  he  jacketed  cor*.  A  d  l  vc  w  vinyl  jacket 
i  rs  applied  over*  **  h  e  a  r  m  o  *•  e  a  o'’’°  a  n  -1  a 
jacket  slitting  cord  *  o  complete  *- he 
s  true t  u  r  e  . 
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FIGURE  3  BURIED  FIBER /METALLIC  CABLE  (GOPHER) 


A e rial  f i b  e  r / Me t a ]  2 i c  Cable 

Aerial  fiber /metallic  distribution 
service  cable  is  3 1  so  being  developed  -»nd 
is  sh^wn  in  Figure  4.  Th®  cable  is  a 
"Figure  V  design  with  a  steel  strengt.o 
member*  in  *  h®  smaller  loop  of  th®  "  '6 "  and 
t‘ifl  cable  co re  in  tne  larger*  loop.  Tne 
cor®  will  accommodate  three,  four*  or*  f  i  v® 
--■Mi*  ®l®ments.  Th®  copper  elements  ar® 
dual  insulated  with  polyvinyl  cnlo-id® 
over’  polyethylene.  This  insulation  combi¬ 
nation  allows  t  he  wire  to  meet  trans¬ 
mission,  weather  ability,  flammability  and 
fusing  requirements .  The  core  is  wrapped 
with  a  polyester  core  wrap.  A  jacket 
slitting  cord  is  laid  along  the  wrapped 
core  to  facilitate  jacket  stripping.  A 
black  vinyl  jacket  forms  tne  "Figure  8 " 
construct  ion. 


rin®r/  X®  t  a  1  lie  i.  i  3 ♦  r  i  *j U  *  i  o  n  i  '•  *•- 

.’a  Dies  are  o®:ng  d*»  v®  1  "*;.*»  3  t  o  p  o  s  i  r  i 
fio®r  to  th®  ri'ci«  as  copper  s®”  vi:-®  facili¬ 
ties  a»*e  installed.  The  c  or?:  d  :  r:a  t  i  ^  n 
copper  and  f  i  o®r*  in  \  c^mm^n  struct  ur*e 
allows  initial  services  ^  v®r  copper  until 
wideband  service  can  b®  provided  ^v®?- 
fiber.  A  bu”i®d  non-gnph®r  cabl®  has  been 
nan u f act ur ed  and  a  our  led  gopher  and  an 
lerial  cable  ;ir®  being  developed. 


A  c  k  n  o  w  1  ®  d  g  e  m  e  n  t 

Tri®  F  i  oer  /M®t  alii  c  .'er  v  i  ce  an  d 
distribution  M®dia  ar®  being  developed  by 
the  joint  efforts  of  A  T  *  T  b® I  1 
Laboratories  and  AT&T  Technologies  - 
Network  3  y  s  t  e m s . 
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FIGURE  4  AERIAL  FTBFR  A4ETALUC  CABLE 
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Appendix  A.  F  1  B L  R  UNIT  P  L  R Y 0  R  M  A  N  C  L 

The  capability  of  t  n  e  reinforced  buffered 
fiber1  unit  to  meet  °  a  c  n  of  the  d  e  .•$  i  g  n 
criteria  was  verified  i  n  a  series  of  tests. 
Following  is  a  partial  list  of  the  tests 
along  with  representative  results. 

a .  £  I  A  FUTP-33  Fiber  Optic  C  a  d l e 

Tensile  Loading  and  bending  Test 

Units  subjected  to  a  100  p ound 
( 4  4  b  N )  tensile  load  exhibited  no 
added  loss  at  1 j 1 U  and  1550  nn  and 
no  strength  member  or  fiber  breaks 
at  loads  of  4 Q u  pounds  ( 1 7 3 U N  )  . 

b •  Cold  Wrap  Test 

Units  conditioned  for  four'  hour's  at 
-  1  0  0  F  ( 2  3  0 C  )  displayed  no  jacket 
cracks  or’  fiber  breaks  In  five 
c  o  m  p  l  **  t  w  raps  abound  a  1  inch  (  2  b 
mm  )  diam«trtr  mandroj  which  had  bmn 
s  i  m  i  Ur  1  y  c  o  n  d  i  t  i  o ri  e d  . 


c  .  h.  I  A  F C T  P  -  1  u  4  r  iur  j p t  i  c  Cable 
Cyclic  Flexing  T»st 

Units  subjected  to  d u 0 G  cycles  of 
Ido  degree  bends  around  a  1  inch 
(2b  mm)  radius  mandrel  had  a  d  d e d 
losses  of  1 »ss  than  0 . j  3  do  at  1  3 1 0 
a  rid  1  0  b  0  nm  and  displayed  no 
visible  damage. 

•d.  EIA  F0TP~2t?  Impact  of  F  i  b*»r  Optic 
CaoUs  and  Caol^  Assemblies 

Units  impacted  200  times  at  a  1 . 0 v 
ft -  lb  (  1  .  3  6  N-rn)  energy  lfjv»l 
displayed  no  added  loss  at  1bb0  nm. 

®  .  E I  A  FCTP-41  Corr.pressi  v»  Loading  of 

Fiber  optic  Cables 

Units  compressed  by  6 00  pounds 
(2co7N)  applied  over  4  inches  l 1 v2 
mm)  of  length  showed  no  added  l~>ss 
at  ]  b b 0  nm  after  5  minutes  under 
load  and  a  retu r n  to  the  0 v i g i n a  1 
loss  after  the  load  was  removed. 

f .  -  I  A  F  0 T  P - 6 2  Fluid  Penetration  Test 
for  Filled  Fiber  Optic  Cable 

j ne  meter  lengths  of  unit  with  a 
one  meter  water* head  applied  at  on*3 
end  continues  to  block  water  flow 
after  over’  six  months. 

g.  £  I  A  F  0  T  P -  8 1  Compound  Flow  (Drip) 
Test  for  Filled  Fiber  Optic  Cabl« 

No  material  accumulated  below  12 
i  n  c.n  (305  mm)  unit  5  am  pies  w  h ;  eh 
had  been  suspended  vertically  in  a 
chamber  at  1  58°  F  (70°  C )  for*  24 
hours  . 

h .  Temperature  Cycling  Test 

The  added  losses  at  extreme 
operational  temperatures  a r 0  not 
greater  than  0.2  d  B / k m  at  1310  and 
1550  nm  for  caKl°e  cycled  from  72°  r 
(22°C),  the  reference  temperature, 
to  -40°F  ( -  4  0  0  C  )  ,  the  low  ext  r  erne, 
to  1b8°F  (  7  0  0  C  )  ,  the  high  extreme. 

i .  Optical  Transmission  Tests 


The  absolute  loss  for*  the  unit  in  a 
combosite  cable  was  typically  less 
than  0.5  d B / k m  at  both  1 3 1 0  n m  and 
1550  nm. 
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■J n  i  v»r  s  i  t  y 

j  r  X  a  S  s 

t  c  ft  a  s  "  1 1 

s/  Amfter 

!  °cai vrt  3  an 

M  .  3  .  ; 

r;  Wecr.ar; 

;  ca  l  f.  r. 

\  fr  om  Nor  to0. 

4  s  t  e  r  n 

U ni  V  e  »  5  \ 

/  V  e  11 

in  ■  9  0  m  joining  A  1 

tor  i  °s  in  l  9  o  A  ,  n  °  ft  a  s  w  o  »■ 
sign  and  j  °  v  -  1  o  p  m  °  n  t  o  f  w  .- 
U^°'J  closures,  L  i  gft  t,  g u  j  3 c 
cables,  and  composU®  (rit 
sed  i  a  . 


,  r  «  r:  i  .5 «  /  L  A  N 
'/copper  .« 


■*S£  U^/.^ 

i\\)  l 


F «  J  .  Mull  in  is  a  n  0  m  ft  «*  r  of  t  r.  •=* 

T*'  irismi  ssion  M°3ia  Laboratory,  AT  *  7  ; 

Laboratories,  N o r cross ,  Georgia.  H° 
a 1 1 0 n J « d  J  1  n n  Hopkins  University  a n 3 
joined  AT-iT  bell  L a b 0 r a t o r  i  e 0  in  1  9 b v> . 
Luring  mis  t  im°  h°  ft  as  worked  in  th"  :. 
s  i  d  e  plant  a  r  0  a  developing  m  a  i  n  f  r  a  :r.  e  ;  » 
t  e  o  r  \  n  ;  a  « \  hI,  b  u  r  i  0  d  and  b  u  i  1  3  i  n  g  0 
>'  finals  ,  olosur,o3  and  connectors;  00  1 
eod«d  K°y  closet s;  buried  Waterproof 

ft  y  s  t  e  "  ;  a  I  •■•once  pt  and  customer  troubl 

r "port  d u 0 1 i o n .  ft is  p r « 3 ° n t  r ° s p o n s ; 
bill  ti«s  include  outside  plant,  copper 
*'  i  per  t  r  ansiaissi  on  media. 


Willi  a  ra  C  .  ft » e  d  is  a  member  of  th° 
inami33ion  X®  3  i  a  Laboratory,  A  T  a  T  EJeii 
^oratories.  Nor  cross  Georgia.  H°  r « - 
i  v « d  a  ft  A  i n  mathematic  s  and  physics 
dm  Witt°nberg  University  in  1  9  b  9  an d  a n 
in  physics  from  Wake  forest  University 
1  ^09.  ft  0  j  o  i  n  0 .3  a  T  *t  T  bell  Labor  at  or  i  ° 
*  9 7 0  a n j  has  w  0  r  k  ®  d  on  t  ft ®  design  an  j 
/elopment  of  military  power  equipment, 
i  n  t  e  n a  n  c e  t  °  s  t  s  ®  t s  and  test  methods, 
p p 0 r  and  f i d ° r  splicing  equipment, 

•  i  e .3  wire,  and  encapsulated  closures. 

3  present  responsibilities  include  out- 
J e  plant,  c 0 p p ° r  and  rib°r  transmission 
1  i  a . 
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THi  i wmim is  i  tk  la hlk  conta i  n  i ng 

•  ■  pt  : ■  a:,  v :  h l r  an n  m ■  i.t i  pairs 


S  .  Sh  :  V.Tokuiraru  Y.Amano 


Sunt  I'lm  in'  Industries,  Ltd. 
r.iya-eh'o,  S.ikur-ku ,  Yokohama,  244,  .Japan 


t  l>  (Inlands  for  composite  cabin  containing 
optical  fibers  and  multi  copper  pairs  have  been  increas¬ 
ing  for  the  saving  of  duct  spaces  and  the  reduction  of 
installation  costs.  We  have  studied  the  suitable  design 
of  the  composite  cable  which  satisfies  various  require¬ 
ments.  and  have  developed  two  kinds  of  composite  cable. 
The  transmission  loss  changes  of  the  cables  during  each 
manufacturing  process  were  not  observe,  mechanical 
characteristics  were  very  stable,  because  optical  fibers 
were  protected  by  the  grooved  plastic  spacer.  We  also 
confirmed  that  the  tension  was  loaded  on  not  only  the 
(enter  strength  member  but  also  pairs  of  copper  conduc¬ 
tor.  On  the  composite  cable  jointing,  it  was  possible 
to  use  the  conventional  ensure. 


I.  Introduction 

In  Japan  the  use  of  the  optical  fiber  cable  has 
spread  more  and  more.  In  a  part  of  them,  demands  for 
the  composite  cable  containing  optical  fibers  and  mulli 
copper  pairs  have  been  increasing  for  the  saving  "f  dw  t 
spaces  and  the  reduction  of  i  ns  1  a  1 1  at  inn  costs  lb'-  ■ 
hi  nation  of  the  number  of  optical  fibers  and  ■  "it'  1 
pairs  is  decided  according  to  th»*  demand  *  ■ 


varies  case  by  case.  Un  the  other  hand,  the  condition  of 
the  installation  and  the  jointing  method  must  be  also 
considered  to  design  the  composite  cable. 

Lately  we  have  developed  two  kinds  of  composite 
cable  which  satisfied  different  requirements  of  the 
system.  In  this  paper,  we  will  discuss  the  detail  of  the 
design,  the  characteristic  and  the  jointing  of  their 
composite  cables. 


L —Cable  Construction 
2 J.  Requirements  of  compos h e  cabj e 

The  requirements  of  the  composite  cable 
optical  fibers  and  multi  copper  pairs  art-  .,s  • 

(1)  The  overall  diameter  of  the  ,  .>■(.. ... 
smaller,  and  its  weigh!  Iigh’.- 

(2)  bur  mg  rnanu  fact  in  n,>-  t  • ...  . 
dat i on  of  i  r  insi 


l  ;s  I  T  h.  ■>  ■  ,t-  , 


SO  the  most  suitable  •  oust  r 'll*  t  I -■! 


I* 


r 


i 


2.2  Cable  construction 


!•;]  > 


The  constructions  of  t»o  kinds  of  the  coaposite 
cable  are  shotn  in  Fig. I  and  Fig. 2. 

Type  I.  12  5H  fibers  and  0.9*»X30pa irs 

This  cable  is  installed  over  200a  aithout  jointing. 
So  to  aake  the  cable  diaaeter  saaller  for  the  saving 
of  duct  spaces,  the  grooved  plastic  spacer  »hich 
accoaaodates  12  single  node  fibers  is  placed  in  the 
center  of  this  cable.  The  fiber  is  0.9  aa  diaaeter 
and  has  the  tight  buffer  coating.  30  pairs  of  0.9aa 
copper  conductor  are  stranded  around  the  central 
spacer.  The  cable  core  is  covered  aith  the  LAP  (Laa- 
inated  Alainiua  Polyethylene)  sheath  of  2.0aa  thick¬ 
ness. 


Pi  an** ter  :  31mm 
Weight  :  870kg/ km 

Fig.l  Type  1  cable  structure 
( 12  fibers  and  0.9nm  X  30  pairs) 

Type  2.  24  Cl  fibers  and  0.65mm  X30pairs 

This  cable  is  used  in  the  systei  of  2km  distance, 
and  jointed  together  in  the  center  of  2ki  length. 

24  graded  index  optical  fibers  are  placed  in  the 
slots  of  3  grooved  plastic  spacers.  10  pairs  of 
0.65m  copper  conductor  are  stranded  into  a  unit. 
Considering  the  jointing.  3  grooved  plastic  spacers 
and  three  10-pair  units  are  stranded  around  the 
central  strength  member.  The  cable  core  is  covered 
with  the  LAP  shea.h  of  2.0m  thickness. 


Upt  jr;»]  I  j  b**;' 

‘ir'/'-yfd  p  1  a:. lie  :;p ... 

'PP-  r  conduct. Jr  |  .n  r 
-1<J  pain;  urut 
Central  t;tr*«ngth  rvntv-r 
Wrapping  trip.- 
LAP  shn.th 

0 1  an«*t**r  :  31  nn 
Weight.  :  880kg/ km 

Pig..?  Type  ?  ‘-able  str-x  tupe 
I  •->4  01  l  iber:.  . i r .  1  '•  .Ghnn  X  30  pair:;) 

Type  I  cable  is  designed  that  the  optical  grooved  spacer 

is  placed  in  the  center  of  this  cable,  so  the  overall 

diaieter  is  smaller.  On  the  other  hand,  Type  2  cable  is 

designed  that  the  optical  grooved  spacers  are  placed  in 

the  outer  layer,  so  the  optical  jointing  is  easily. 

It  is  possible  to  select  Type  1  or  Type  2  composite 

cable,  according  to  the  de*and  of  every  system. 

3.  Transmission  loss  in  lanufactur ing  processes 
The  transmission  loss  changes  of  two  kinds  of  the 
composite  cable  during  each  manufacturing  process  were 
measured.  The  results  of  measured  are  shown  in  Fig. 3. 
These  changes  are  kept  within  measurement  error  range, 
because  optical  fibers  are  protected  by  the  grooved 


spacer  from  lateral  pressure  of  copper  conductors. 
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4.  Mechanical  characteristics  of  coaposite  cable 


4. 1  Tensi le  Test 

The  length  of  saaple  cable  aas  5  aeter,  both  ends  of 
the  cable  were  secured.  Ihile  the  cable  aas  tensed  up  to 
1500kg.  the  change  of  the  transilssion  loss  and  the 
elongation  aas  aeasured.  The  results  shoas  that  the 
transaission  loss  of  tao  composite  cables  doesn't  change 
up  to  the  load  of  1500kg.  The  results  of  the  elongation 
of  Type  2  cable  are  shoan  in  Fig. 4. 

The  dashed  line  in  Fig. 4  shoas  the  calculated 
values,  (hoaever.  aithout  regard  to  the  stress  distribu¬ 
tion  of  copper  conductors).  The  difference  betaeen  tao 
lines  in  Fig. 4  is  considered  to  be  due  to  the  stress 
distribution  of  copper  conductors.  Young's  aodulus  of 
copper  conductors  is  given  by 


E(Cu)  :  Young’s  aodulus  (kg/  an/) 

Tl  :  Tension  of  coaposite  cable  at  A«  (kg) 

T2  :  Tension  of  coaposite  cable  aithout 

copper  conductor  at  A.  (kg) 

S  :  Cross  section  copper  conductor  (anF) 

>  :  Cable  length  (aa) 

At  :  Elongation  (aa) 

The  calculated  value  of  Young's  aodulus  of  copper  con¬ 
ductors  using  above  foraula  is  6.5  x  10  kg/a  af. 

So  in  case  of  the  coaposite  cable,  the  alloaed  tensile 
strength  can  be  designed  to  deliberate  both  Young's 
aodulus  of  the  strength  aeaber  and  copper  conductors. 
Hoaever.  Young’s  aodulus  of  copper  conductors  is  con¬ 
sidered  to  change  with  the  stranding  pitch  and  the 
insulation  thickness. 


4.2  Bending  Test 

The  saaple  cable  aas  bended  around  the  aandrel  ahose 
radius  aas  6  tiaes  and  II)  tiaes  as  large  as  the  outer 
diaaeter  of  the  cable.  The  test  aas  repeated  for  10 
tiaes.  The  results  shoas  that  the  transaission  loss 
didn't  increased  at  6  and  10  tiaes  aandrel.  The  bent 
area  of  the  cable  didn’t  shoa  visible  evidence  of  the 
fracture. 

4.3  Torsion  Test 

The  length  of  saaple  cable  aas  la.  and  both  ends  of 
the  cable  aere  secured.  While  the  cable  aas  aeighted 
50kg  and  the  loaer  aas  taisted  left  and  right  180  "  .the 
change  of  optical  loss  aas  aeasured.  When  coaposite 
cables  aere  'aisled  to  the  right,  optical  fibers  aere 
elongated.  The  results  shoas  that  the  optical  loss  does 
not  increase  alien  the  cable  is  taisted  to  the  left  and 
right. 
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4.4  Squeezing  Test 


6.  Joint  ini  of  composite  cable 


As  shotn  in  Fig. 5.  both  ends  of  cable  were  secured 
under  loads  of  250kg  and  500kg,  the  cable  mere  bended  in 
a  90*  at  a  radius  of  250mm.  fe  aeasured  the  change  of 
the  optical  loss  and  the  insulation  resistance  of  copper 
conductors.  If  the  cable  is  squeezed,  the  insulations  of 
copper  conductors  lay  be  daaaged  by  grooved  plastic 
spacers.  The  results  shots  that  the  optical  loss  and 
insulation  resistance  are  not  changed.  After  this  test, 
the  sample  cable  tas  dismantled,  and  te  checked  each 
component  of  the  cable.  Hotever.  there  teren't  daaages 
on  the  surfaces  of  optical  fibers  and  insulations. 


fe  examined  the  jointing  of  tao  kinds  of  composite 
cable.  Type  I  composite  cable  has  optical  grooved 
speacer  in  the  center,  so  ! to  jointing  methods  tere 
considered. 

Case  I  After  optical  fibers  tere  spliced  and  accommo¬ 
dated.  copper  conductors  tere  jointed  around 
them. 

Case  2  After  optical  fibers  tere  taken  out.  copper  con¬ 
ductors  tere  jointed,  and  optical  fibers  tere 
spliced  and  accommodated  beside  copper  jointing. 
Case  I  method  has  the  problem  that  the  closer  is  larger. 
So.  on  case  2  method,  optical  fibers  must  be  protected 
from  lateral  pressure  of  copper  conductors  then  these 
tere  take  out  from  the  copper  jointing.  And  also  the 
jointing  operation  is  difficult  and  it  till  take  a  long 
time. 

On  the  other  hand,  in  the  case  of  Type  2  cable,  as 
the  optical  grooved  spacers  are  stranded  around  the 
central  strength  member  together  tilh  the  copper  units, 
optical  fibers  taken  out  can  be  easily.  It  is  possible 
that  optical  fibers  are  spliced  and  accommodated  beside 
the  copper  jointing.  So.  it  »as  able  to  use  the  conven 
tional  closure  as  shoan  in  Fig. 6. 
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6.  Conclusions 


le  have  developed  t»o  kinds  of  the  coaposite  cable 
containing  optical  fibers  and  aulti  copper  pairs, 
te  coafiraed  that  the  coaposite  cable  can  be  aanufactur- 
ed  stably  and  have  satisfactory  aechanical  characte¬ 
ristics.  No»  the  coaposite  cables  developed  »as  inslall- 
ed.  and  used  in  each  systea. 
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ABSTRACT 

The  relative  contribution  of  each  component 
in  the  cable  to  resist  compression  was  determined 
from  the  results  of  compression  experiments.  An 
equation  which  relates  the  dimensions  and  material 
composition  of  the  element  in  the  cable  to 
compression  performance  is  described.  The 

intrinsic  compressive  resistance  of  several 
materials  were  determined  from  this  equation. 
Also  discussed  is  how  the  stranding  pitch  and 
other  cable  parameters  affect  compression 
resistance. 

I.  INTRODUCTION 

One  of  the  primary  functions  of  a  loose  tube 
cable  is  to  resist  compressive  forces  which  may 
cause  attenuation  losses  or  worse  permanent  fiber 
damage.  These  compressive  forces  can  either  by 
those  externally  applied  ^r.  more  insidiously,  the 
forces  exerted  by  the  central  strength  member 
against  the  loose  tubes  during  installation.  In 
order  to  protect  the  fiber,  a  cable  design  must 
have  the  right  material  in  the  right  configuration 
to  oppose  these  forces.  In  addition.  it  is 
important  to  be  able  to  predict  what  changes  will 
occur  in  a  cable's  ability  to  resist  compression 
when  materials  or  component  dimensions  change.  To 
our  knowledge  these  issues  have  not  been 
previously  addressed  in  manner  which  might  allow 
prediction  of  a  trend  in  the  cable  performance. 

II.  EXPERIMENTAL 


where  f  ■  material  constant.  1  *  the  length  of  the 
tube  in  cm.  id  *  the  internal  diameter,  od  «  the 
external  diameter.  The  term  containing  the  outer 
and  inner  diameters  is  dimensionless  and  will  be 
considered.  for  discussion  purposes.  as  the 
geometric  factor. 

(od  -  id)* 

GF  =  Equation  (2) 
(od  +  id)* 

The  parameter,  f,  can  be  found  by 
experimentally  determining,  P,  the  yield  point  of 
the  material  in  a  stress-strain  curve.  The  first 
step  in  the  process  is  to  determine  the  dependence 
of  P  on  the  length,  1,  keeping  the  size  of  the 
tube  ,  and  hence,  GF,  constant.  By  plotting  P  vs. 
1  the  slope  of  the  line  is  equivalent  to  the 
remaining  terms  in  the  equation: 


m(l) 


fn  ^  (od  -  id)  - 
3  (od  +  id)’ 


Equation  (3) 


The  next  step  in  the  analysis  is  to  plot  the 
slopes  of  this  equation  from  various  sizes  of 
tubes  of  the  same  material  vs.  their  geometric 
factor,  GF.  The  slope  of  this  curve  is 
proportions!  to  the  following: 


m(2> 


fn 

~3 


Equation  (4) 


Therefore,  by  multiplying  the  slope,  m(2),  by  3/n. 
the  material  constant,  f,  can  be  derived: 


f 


m(2)  «  3 
n 


Equation  (3) 


A.  Theory 

The  general  equation  for  an  external 
circumferential  presaure  is 


fnl  t  (od  -  id) * 
3  (od  +  id)* 


Equation  (1) 


B.  Methodology 

All  samples  were  tested  using  an  Instron  with 
a  !  IN  load  cell  and  a  10  cm  by  10  cm  compreasion 
pad.  The  results  were  plotted  an  a  chart 
recorder.  The  internal  and  external  diameters  of 
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the  tubes  were  determined  with  a  Nikon  V-12 
Optical  Comparator. 

C.  Materials 

The  three  materials  tested  were  commercially 
available  linear  low-density  polyethylene  used  in 
the  cable  sheath,  and  polybutylene  terepthalate 
and  nylon  12,  osed  in  the  loose  tubes. 

III.  RESULTS  and  DISCUSSION 

A.  Factors  Affecting  Compression 

Resi  canco  in  Loose  Tube  Cables. 

1.  «* ’  jral  Considerations 
P  is  obtained  from  the  stress-strain  curve  of 
tubes  placed  between  the  compression  pads  of  a 
standard  Instron.  A  typical  curve  with  the 
characteristic  regions  are  shown  in  Figure  1.  Jn 
region  A,  the  stress  rises  quickly  until  the  yield 
point,  P  is  reached.  Fere,  in  region  B,  the  tube 

FIGURE  1. 


STRESS-STRAIN  CURVE 

of 

TYPICAL  COMPRESSION  TEST 


STRAIN 


begins  to  deform.  In  region  C,  the  top  and  the 
bottom  inner  wall  have  contacted  and  the  stress  is 
seen  to  rise  quickly.  Typically,  the  Yield  Point 
was  used  for  the  value,  P,  and  was  determined  by 
taking  the  intersection  of  the  slopes  of  regions  A 
and  B.  In  some  cases,  as  will  be  explained  below, 
this  was  not  possible. 


In  an  effort  to  identify  the  most  critical 
component  in  resisting  compression  a  typical  loose 
tube  cable  was  carefully  taken  apart  and  the 
components  tested  for  their  compression 
resistance.  Shown  in  Table  1  are  the  resolts  of 
this  investigation. 


Table  1.  Compression  Resistance  of  Various  Loose 
Tube  Components 


Component 

Compression 
Resistance  (N/cm) 

Full  Sheath  (steel 

•  »or) 

122 

Outer  PE  Sheath  + 

Steel  Armor 

S8 

Inner  PE  Sheath 

33 

PBT  Loose  Tube 

162 

As  can  be  seen  from  the  table,  the  loose  tube 
itself  contributes  over  approximately  one  half  of 
the  compression  resistance  of  the  cable.  Because 
of  the  nature  of  the  dependence  of  geometry  on 
compression  resistance  small  changes  in  the 
dimension  of  the  much  smaller  loose  tube  affect 
the  compression  resistance  greater  than  small 
changes  in  the  dimensionally  larger  sheath.  For 
this  reason  the  discussion  will  now  focus  on  the 
loose  tube  which  plays  a  major  role  in  both 
external  and  internal  compressive  resistance. 

2.  Material. 

In  order  to  determine  the  parameter,  f,  in 
Equation  (1)  various  tube  sizes  of  PBT  were  made. 
First,  the  compression  resistance  for  a  particular 
tube  size  was  plotted  against  the  length  of  the 
tube.  The  results  for  the  different  tube  sizes 
are  shown  in  Figure  2.  By  taking  the  slope  of 
these  curves  and  plotting  against  the  geometric 
factor,  the  length  dependence  is  removed,  and  the 
material  constant,  f,  is  obtained.  The  graph, 
showu  in  Figure  3,  yields  an  f-value  of  2558  N/cm. 
Shown  in  Figure  4  is  a  comparison  of  nylon  and  PBT 
tubes  whose  sizes  are  essentially  the  same.  As 
can  be  seen  the  compression  resistance  of  nylon  is 
nearly  half  that  of  PBT. 
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FIGURE  2. 

COMPRESSION  of  VARIOUS  TUBE  SIZES 
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FIGURE  3. 
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COMPRESSION  vs.  GEOMETRIC  FACTOR 
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Intuitively*  the  common  mechanical 
characteristic  which  would  contribute  the  most  to 
compression  resistance  would  be  flexural  modulus. 
If  the  f  value  for  the  two  materials  are  compared 
with  their  respective  flexural  moduli*  a  definite 
correlation  is  apparent:  the  f  values  for  PBT  and 
nylon  are  2558  N/cm  and  1404  N/cm*  respectively, 
while  the  flexural  moduli  for  the  materials  are 
2600  N/mm*  and  1170  N/mm»*  respectively. 


FIGURE  4. 

3Q00t  Comparison  of  Nylon  ancj  PB” 


3.  'Adjacent  Tube  Support' 

An  experiment  was  performed  utilizing  six 
loose  tubes  around  a  central  strength  member.  The 
stranding  pitch  was  set  at  135  mm  with  the  tubes 
tightly  held  in  place  with  hose  clamps.  Three 
different  stress-strain  curves  were  obtained  as 
shown  in  Figure  5.  The  first  curve  was  obtained 
with  the  hose  clamps  at  least  20  cm  from  the  10 
cm*  testing  area.  The  second  had  hose  clamps 
adjacent  the  compression  pads.  The  bose  clamps 
helped  prevent  the  tubes  from  slipping  off  tbe 
central  strength  member.  In  the  third  curve,  the 
area  to  be  tested  was  tightly  wrapped  with  tape. 
As  can  be  seen  from  the  figure,  the  more  the  tubes 
were  prevented  from  being  displaced  from  their 
normal  position,  the  more  they  aided  the  tube 
supporting  most  of  tbe  compression  force.  In  this 
way  the  compression  force  was  dissipated  by 
adjacent  tubes*  in  addition  to  the  central 
strength  member. 

Note  from  tbe  figure  that  the  yield  point 
becomes  progressively  obscure  as  the  amount  of 
adjacent  tube  support  increases.  Jn  this  esse  it 
might  be  better  to  use  the  slope  in  region  *B'  to 
describe  the  change  in  the  cores'  ability  to 
withstand  compression. 
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FIGURE  5. 

3j  COMPRESSION  RESISTANCE 
of 


The  reliance  on  adjacent  tube  support  cannot 
be  understated.  Although  a  full  mathematical 
treatment  is  necessary  to  fully  explain  the 
dynamics  involved,  it  is  clear  that  a  tightly 
designed  cable  will  be  able  to  withstand  greater 
compression  than  a  cable  where  there  is 

significant  clearance  between  tubes. 

4.  Stranding  Pitch. 

In  order  to  determine  the  effect  of  stranding 
pitch  on  the  compression  resistance,  it  was  not 
possible  to  simply  test  varions  cable  cores  with 
different  stranding  pitches  due  to  the  interaction 
of  the  tubes  in  the  core,  i.e.,  adjacent  tube 
support.  Instead  parallel  rows  of  PBT  tubes  were 
arranged  approximately  one  cm  apart  on  the 
compression  pad.  On  top  of  these  tubes,  a  2.7  mm 
steel  central  strength  member  was  placed  at  90°  to 
the  tubes  for  the  first  test  and  at  a  45°  angle  in 
the  second  test.  The  0°  angle  was  accomplished  by 
simply  placing  a  tube  by  itself  on  the  compression 
pad.  The  compression  results,  shown  in  Figure  5, 
were  normalized  to  the  unit  length,  cm. 

Since  degrees  are  not  normally  used  to 
express  stranding  pitch,  the  conversion  is  as 
follows: 


Pitch 


n  •  D 
tan  a 


Equation  (5) 


where  D  *  the  stranding  diameter  (tube  o.d.  ♦ 
c.s.m.  o.d.)  and  a  *  the  angle  of  the  tube  with 
respect  to  the  central  strength  member.  In  Table 
2  below  the  various  stranding  angles  and  their 
corresponding  pitches  are  given  using  a  typical 
value  of  nP. 


Table  2.  Correlation  Between  Stranding  Angle  and 
Stranding  Pitch. 


Angle,  a 
(degrees) 

Stranding 
Pitch  (aim) 

0“ 

00 

5° 

183 

10“ 

91 

15“ 

60 

25® 

34 

45“ 

16 

85“ 

1.4 

90“ 

0 

As  a  consequence  of  this  relationship,  a  90° 
angle  yields  a  0  mm  pitch  -  a  manufacturing 
impossibility  -  and  a  0°  angle  yields  an  infinite 
pitch  -  an  undesirable  manufacturing  possibility. 
Despite  these  practical  questions,  the  experiment 
displayed  a  trend  which  might  not  otherwise  have 
been  assumed. 
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The  results  of  the  experiment  show  that 
compression  resistance  increases  slightly  with 
decreasing  pitch.  This  result  was  substantiated 
in  actual  cables  where  the  pitches  were  100  mm  and 
65  am:  the  cable  with  the  smaller  pitch  displayed 
improved  compression  resistance.  It  must  also  be 
remembered  that,  all  other  parameters  being 
constant,  the  space  between  the  tubes  decrease 
with  decreasing  pitch.  So  that  while  pitch  alone 
may  help  compression  resistance,  the  close  packing 
of  tbe  tubes  probably  plays  a  more  significant 
role . 

As  mentioned  above  this  test  was  performed 
using  PBT  tubes.  It  is  not  known  what,  if  any, 
affect  on  the  curve  would  be  if  another  material, 
e.g.  nylon,  was  used. 

B.  Designing  for  Compression  Resistance 
in  Loose  Tube  Cables. 

As  tbe  results  indicate  above  increasing  the 
tube  wall  thickness,  decreasing  the  pitch,  using  a 
material  with  a  high  flexural  modulus,  and  placing 
the  tubes  in  a  core  tightly  next  to  each  other, 
would  all  improve  the  compression  resistance  of 
the  cable.  Changes  in  these  parameters  obviously 
cannot  be  made  indi scr iminantly  and  must  be  made 
witb  other  design  and  performance  considerations. 
Increasing  the  flexural  modulus  of  the  tube,  for 
example,  would  make  for  a  sturdier  tube,  but  the 
likelihood  of  problems,  such  as  the  tube  kinking 
in  tbe  splice  box  would  increase. 

The  results  from  'Adjacent  Tube  Support' 
point  to  the  important  concept  of  force 
distribution  in  enhancing  compression  resistance: 
the  more  the  force  applied  to  one  tube  is 
distributed  along  its  circumference,  the  more 
force  the  tube  is  able  to  withstand.  Taking  this 
idea  to  its  logical  conclusion,  having  a  matrix 
witb  a  higher  modulus  than  the  typical  flooding 
compound  around  the  tubes  would  impart  significant 
compression  resistance. 

In  addition  to  the  parameters  discussed 
above,  there  are  a  number  of  other  factors  which 
have  not  been  taken  into  account,  e.g.  the  steel 


armor,  or  the  type  of  polyethylene.  Given  these 
other  factors,  it  would  be  difficult  to  give  an 
accurate  relationship  which  describes  tbe 
mechanical  characteristics  of  tbe  individual 
elements  of  tbe  cable  and  a  predicted  value  of 
compression  resistance  based  solely  on  the  items 
discussed  ir  this  paper. 

CONCLUSIONS 

The  factors  which  contribute  to  compression 
resistance  have  been  identified  and  discussed. 
The  most  important  factor  in  resisting  compression 
appears  to  be  the  loose  tube  itself.  Although  tbe 
overall  cable  design  limits  the  dimensional 
improvement  of  tbe  loose  tube,  the  use  of  new 
polymer  materials  show  promise  in  improving  the 
compression  performance  by  nearly  50%  without 
compromising  flexibility. 

A  mathematical  model  which  describes  the 
interaction  of  all  the  components  is  now  under 
investigation. 
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ABSTRACT 


The  performance  of  loose  tube  cables  is 
generally  governed  by  two  criteria: 

The  ability  of  the  cable  to  withstand  the 
mechanical  rigours  of  installation  and  service, 
and  the  ability  of  the  cable  to  perform 
over  a  wide  temperature  range. 


A  model  has  been  developed  by  STC  to  predict 
the  performance  of  a  loose  tube  cable  under 
strain  and  at  low  temperatures. 


The  expression  can  be  used  in  three  ways. 
Firstly,  the  fibre  strains  for  given  cable 
strains  can  be  analysed  for  existing  cable 
designs  to  determine  fibre  life.  Secondly, 
when  designing  new  cables,  this  expression  can 
be  used  to  define  the  minimum  excess  fibre 
level  -  the  maximum  excess  level  is  determined 
by  microbending  at  the  environmental  extremes. 
The  expression  therefore  defines  the  lower 
limit  of  the  fibre  excess  window.  Finally, 
the  expression  can  be  used  to  determine  how 
variation  of  materials  and  process  conditions 
is  likely  to  affect  cable  performance, 
particularly  the  environmental  response. 


1.  INTRODUCTION 


2.  THEORY 


Design  analyses  of  1 -»ose  tube  constructions 
have  not  previously  considered  the  relationship 
between  manufacturing  processes,  measurements, 
and  theory.  This  has  meant  that  the  treatments 
have  been  of  little  practical  use  to  optical 
cable  makers.  This  is  because  most  theoretical 
treatments  have  assumed  that  the  mean  position 
of  the  fibres  in  the  tube  is  known  at  some 
stage  of  manufacture.  However,  in  practice  ?hv 
position  of  fibres  present,  in  excess  will  vary 
along  t h >'  tube,  and  experimental  determination 
of  the  mem  position  is  impractical.  This  has 
meant.  thar  the  theories  can  only  be  used  to 
do? ermine  cable  performance  with  some  prior 
knowledge  of  the  performance  of  a  cable  using 
identical  tubes.  Similarly  there  is  no  theory 
to  assist  the  cable  designer  to  tailor  the 
excess  in  the  tubes  to  a  specific  requirement. 


2.1  Over length  Of  Fibre 

The  overlength  of  fibre  (excess)  in  the  cable 
is  given  by  the  ratio  Y  of  unstrained  fibre 
length  to  the  cable  length  at  stranding. 

Therefore  Y  -  UX,  1  ) 

where  U  is  the  ratio  of  tube  length  at 
stranding  against  the  cable  length  at  stranding 
(see  Fig.  1),  given  by: 

n  =  J (  TT ■  c . D * La>  ,  '.o 

L 

where  C  -  diameter  of  built  up  centre  member 
D  4.  loose  tube  outer  diameter 
L  -  lay  length  at  stranding 


These  limitations  can  be  overcome  by  a 
theoretical  treatment  in  which  all  the 
variables  used  can  be  determined  on  the  cable 
and  components  exper imental ly .  By  relating 
this  to  the  lay-up  tensions  of  tubes,  and 
given  a  knowledge  of  the  stress-strain  response 
of  the  tube  material,  the  amount  of  excess 
fibre  in  the  cable  can  then  be  determined.  It 
is  now  possible  to  use  the  excess  fibre  data  in 
the  design  analysis,  rather  than  make  an 
assumption  for  fibre  position. 


and  X  WlHd  )  , 

(Ull 


H 

I 


ratio  of  unstrained  fibre  length  at 
measurement  to  strained  tube  length 
at  measurement 
tube  strain  at  measurement 
tube  strain  at.  stranding 


2.2  Tensile  Performance 


The  theory  of  stranded  loose  tube  cable  design 
can  now  be  advanced  using  excess  fibre  at  tube 
manufacture  as  a  variable.  An  expression  is 
obtained  that  contains  no  indeterminate 
variables . 


The  maximum  allowable  working  tension  T  is 
calculated  from  the  increase  in  lay  length 
until  the  fibres  reach  their  maximum 
permissible  strain  (see  Fig.  2),  and  is 
given  by. 
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T  --  KA .  ImI  1»J  )  -  ij  ,  (41 

where  K  is  the  tensile  modulus  cf  the  strength 
member 

A  is  the  area  of  the  strength  member 
J  is  the  cable  strain  at  stranding 

M,  the  lay  length  at  maximum  working  tension 

is  given  by: 

M  =  JtZYL^-K2'  ,  (5) 

where  Z  is  the  maximum  allowed  fibre  strain 
K  is  the  circumference  of  the  strained 
outer  fibre  helix 

and  Y  is  the  over length  of  fibre  given  in 
equation  ( 1 ) 

2 . 3  Environmental  Performance 

Part  1 


Part  2 

When  the  cable  is  environmentally  cycled,  the 
fibre  radius  of  curvature  decreases.  Because 
of  the  predominantly  macrobending  effects,  t.h< 
loss  increment  will  eventually  become  critica 
at  a  radius  Rc .  The  design  of  the  fibre  in 
defined  by  three  critical  parameters: 

uJf  -  spot  size 

\  =  cut-off  wavelength 

=s  zero  dispersion  wavelength 

These  in  turn  define  the  tolerances  on 
refractive  index  difference  Sn  and  core 
radius  a.  Typical  ranges  are: 

n  =  n-m  =  0.004b  to  0.0055 

a  =  4.0  to  4.5  microns 


The  environmental  performance  of  the  cable  is 
largely  determined  by  the  radius  of  curvature 
of  the  fibres.  By  considering  the  fibres  on 
a  drum  in  an  environmental  chamber  to  be  in  a 
helix  on  a  helix  (see  Fig.  3),  the  radius  of 
curvature  R  can  be  calculated  from  the  fibre 
excess  using  the  equation. 


where  n  =  core  refractive  index 

m  -  cladding  refractive  index 

The  tolerances  on  refractive  index  difference 
and  core  radius  uniquely  define  the  propagation 
velocity  constant  V  of  a  specified  wavelength 
(see  Fig.  4)  by  the  equation: 


R  ^  .IB3  (6) 

2B0-P 

j  2  i  i  I  I 

where  5  -  J‘s*rsiniiP  +r  0  ♦m*-JrmOsin^  ; 

0  -  J  (  s  rs ini£  '|4“  * r^O^* 2r* (  1  ♦cos^d )  ♦  2rsQ* s  i  oV  ; 

8) 

P  =  ?rC'i  s*rsir./ )cos$- . ’rmO^cossJ  ;  (9) 

f  =  :i  ,  do) 

...'TT 

and  <6  is  the  point,  on  the  helix  at  which  the 
curvature  is  measured 
N  is  the  lay  length  on  the  drum  at  the 
test  temperature 

r  is  the  radius  of  the  helix  of  the  fibres 
within  the  tube 

s  is  the  supporting  helix  radius 


0  is  the  number  of  helixes  per  lay,  where  0  is 
related  to  the  length  of  fibre  1  in  one  lay  at 
the  test  temperature  by  the  integral: 


‘■J.  J 

rlsin^Q0  +FsinQ0  *Gd  <1$  , 

an 

where  F  = 

e?rs-2rsfQ 

(12) 

G  = 

s^+r1  Qx  +  f2 

(13) 

and  1  = 

YL(  U  <rt) 

(14) 

where  r  is  the  fibre  coefficient  of  thermal 
expansion 

t  is  the  difference  between  the  stranding 
temperature  and  test  temperature 
Y  is  the  overlength  of  fibre  given  in 
equation  (1) 


* 

The  attenuation  increment  Y  due  to  macro¬ 
bending  is  given  by: 

X  -  IT /a'"1  (  M  exp  -  I  4Rw3(n-n)~1  ,  <  1*>) 

2a\R^\u*/  L  3a  V z  J 

where  R  =  radius  of  curvature  of  fibre 
u,w  =  scalar  mode  parameters 


The  propagation  velocity  constant  can  be  shown 
to  be  proportional  to  bend  performance  (see 
Fig.  5).  The  highest  increment  due  to  bending 
is  produced  with  the  lowest  V  value  [l}.  The 
ranges  of  refractive  index  difference  and  core 
radii  produce  values  of  V  in  the  range  I.8557 
to  2.3083,  which  from  Fig.  5  produces  a 
dramatic  change  in  bend  performance.  The 
critical  bend  radii  Rc,  to  ensure  a  maximum 

increment  of  0.2  dB  at  1550  nm  for  the  two 
extremes  of  V,  are: 

V  Rc 

1.8557  21.5  mm 

2.3083  10. G  mm 


3.  CONCLUSIONS 


A  theoretical  model  has  been  developed  by  STC 
which  allows  an  optimisation  of  the  critical 
parameters  for  both  fibre  and  cable.  This  in 
turn  gives  the  designer  of  loose  tube  optical 
cables  the  ability  and  freedom  to  select  from 
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ABSTRACT 

This  paper  presents  the  design  and 
performance  characteristics  of  a  tube 
in  slot  cable  construction  from  the 
point  of  view  of  lightning  withstand 
capability  and  the  effect  of  water 
entering  the  cable  due  to  lightning 
induced  damage  with  subsequent  freeze 
thaw  conditions  prevailing. 

The  optical  performance  and 
logitudinal  water  propagation  within 
the  cable  is  evaluated. 

A  new  test  method  for  evaluation  of 
cable  freeze  thaw  testing  is 
proposed . 


INTRODUCTION 

Lightning  strikes  to  ground  in  the 
vicinity  of  buried  optical  fiber 
cable  can  cause  sheath  holing  and 
fiber  attenuation/breakage.  It  is 
hypothesised  that  a  lightning  strike 
can  damage  a  cable  by  crushing, 
thermal  effects  or  arcing  between 
metallic  components  of  the  cable.  As 
reported  previously  (1),  some  of  the 
effects  of  lightning  strikes  can  be 
averted  by  increasing  the  dielectric 
strength  of  the  cable  and  by 
increasing  the  mechanical  cushioning 
to  the  fibers  using  a  plastic  layer 
next  to  the  fibers.  In  the  cable 
design  where  the  fibers  are  placed  in 
tubes  and  the  tubes  arranged  in  the 
slots  of  a  slotted  core,  the  tubes 
provide  additional  protection  to  the 
fibers. 

Should  cables  become  damaged  by 
lightning  or  some  other  mechanical 
means,  it  is  clear  that  in  some  cases 
the  optical  integrity  of  the  cable 
will  initially  not  be  compromised. 

This  damage  may  not  easily  be  detected 


unless  a  definite  fault  such  as  a  fiber 
break  or  OTDR  point  discontinuity 
exists  at  the  damage  location. 

When  a  puncture  in  the  cable  sheath 
exposes  optical  fibers  the  potential 
exists  for  water  to  enter  the  cable. 

In  certain  areas  there  will  be  the 
possibility  of  water  freezing  inside 
the  cable  and  for  this  reason  it  is 
important  to  evaluate  this  type  of 
cable  damage  for  short  and  long  term 
cable  performance  effects. 

Two  areas  are  of  major  concern  in  cable 
freeze  thaw  cycling, 

i)  Expansion  of  ice  within  the  cable 
may  cause  microbending  which  will 
affect  the  optical  performance  of  the 
f iber s , 

ii)  When  a  punctured  cable  sheath  is 
exposed  to  a  water  head  that 
alternately  freezes  and  thaws,  there 
may  be  a  'pumping'  action  which  could 
force  cable  filling  gel  longitudinally 
down  the  cable.  If  this  damage  is 
close  to  a  splice  enclosure  this 
pumping  action  could  force  the  gel  out 
of  the  tubes  eventually  allowing  water 
to  enter  the  closure. 

It  is  necessary  to  evaluate  cable 
characteristics  to  determine  the 
effects  of  a  cyclic  freezing  head  of 
water  on  fiber  microbending  and  also  to 
determine  the  minimum  length  of  cable 
which  will  effectively  block  any  flow 
of  gel/water  due  to  a  freeze  thaw 
pumping  action. 

LIGHTNING  WITHSTAND  CAPABILITY 
OF  OPTICAL  CABLE  CONSTRUCTIONS 

Various  constructions  of  tube  in  slot 
cable  were  selected  for  evaluation  of 
their  lightning  withstand  capability 
using  the  simulated  lightning  surge 
test  method  (as  outlined  in  Bellcore 
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TR-TS Y000020  (2))  The  test  set  up  is 
shown  in  Fig.  1. 

Representitive  values  of  the  energy  or 
I^t  are  plotted  against  the  test 
Lightning  current  in  Fig.  2  for  this 
configuration. 

The  cable  samples  were  stressed  with 
the  simulated  lightning  stroke.  All 
the  fibers  in  the  stressed  samples 
were  tested  for  optical  continuity  and 
the  cable  samples  were  opened  to 
visually  inspect  for  broken  fibers. 

A  probabilistic  statistical  approach 
was  used  to  estimate  and  compare  the 
test  results  for  various  cable 
designs. 

The  test  current  range  was  60  to  160 
KA.  The  current  at  which  the  0.5% 
cumulative  failure  rate  occurred  is 
shown  for  comparison  in  Table  1. 
Estimates  for  the  95%  confidence 
intervals  are  also  provided.  It 
should  be  noted  that  some  uncertainty 
does  exist,  since  it  is  not  practical 
to  keep  all  the  test  parameters 
absolutely  constant. 

To  put  these  results  in  perspective  it 
is  emphasized  that  the  probability  of 
occurance  for  lightning  strikes  of  the 
higher  current  magnitudes  is  low. 

This  is  illustrated  in  Fig.  3  (3). 

It  is  important  that  the  whole 
installed  cable  be  capable  of 
withstanding  the  lightning  surge. 
Hence,  the  bond  clamp  assembly,  at 
splice  locations  must  be  able  to 
withstand  the  same  lightning  surge 
current  as  the  cable.  Proper  bonding 
and  grounding  is  thus  essential  for 
the  installed  cable.  Maintaining 
shield  continuity  and  providing 
grounds  at  repeaters  and  central 
offices  are  of  the  utmost  importance 
from  the  electrical  protection 
viewpoint 

CABLE  FREEZE  THAW  TESTING 

The  cable  design  chosen  for  evaluation 
was  the  tube  in  slot  construction  as 
shown  in  Fig.  4. 

The  cable  contained  three,  four  fiber 
tubes  and  two  fillers  in  a  5-slot  core 
with  a  dielectric  strength  member. 

The  core  was  protected  by  a  triple 
sheath  consisting  of  a  polystee lpeth 
jacket  with  rodent  protective  layer 
(ie.  core/polyethylene/steel/ 
polyethylene/steel/polyethylene ) . 


Swellable  tape  was  used  as  the  water 
blocking  agent  under  the  middle  and 
outer  sheaths  while  gel  was  used  in  and 
around  the  tubes  in  the  core. 

SAMPLE  PREPARATION 

A  550  m  sample  of  cable  was  hand  coiled 
into  an  environmental  chamber  in  oval 
shaped  coils  approximately  2  x  3  m  in 
size.  The  ends  of  the  cable  were 
brought  into  the  laboratory.  Two 
fibers  from  each  of  the  three  tubes 
were  spliced  together  to  form  two  loops 
of  fiber  3300  m  long.  (Fig.  5)  One 
loop  was  monitored  for  attenuation 
change  at  1.3  urn  the  other  for  changes 
at  1.55  um. 

A  6.4  mm  hole  was  manually  drilled  with 
an  end  mill  through  the  three  sheaths 
and  into  one  of  the  fiber  tubes 
(Fig.  6)  at  a  point  50  m  from  one  end 
of  the  sample. 

Attenuations  on  the  two  fiber  loops 
were  monitored  during  this  drilling 
process  to  ensure  that  the  fibers  in 
the  tube  penetrated  by  the  hole  were 
not  damaged.  Aim  head  was  applied 
via  a  19  mm  copper  standpipe  with  a  tee 
at  one  end.  The  tee  was  slipped  over 
the  cable  until  the  sheath  hole  was 
aligned  under  the  standpipe.  The  tee 
was  then  sealed  to  the  cable  sheath 
with  heat  shrink  tube.  A  solution  of 
red  dyed  water  was  used  to  aid  in  the 
detection  of  water  paths  in  the  cable 
at  the  conclusion  of  the  test. 

TEMPERATURE  CYCLING 

The  cable  was  subjected  to  54  cycles  of 
minus  10  degrees  C  to  plus  10  degrees  C 
with  a  four  hour  soak  at  each 
temperature  extreme.  Cable 
temperature  was  monitored  by  removing 
one  of  the  fiber  tubes  from  a  0. 5  m 
sample  of  cable  and  inserting  a 
thermocouple  in  its  place.  This  short 
length  of  cable  was  then  placed  into 
the  middle  of  the  test  cable  coils  to 
provide  an  indication  of  the  average 
core  temperature.  A  second  thermocouple 
was  used  to  monitor  chamber  air 
temperature  at  the  level  of  the  cable 
coils.  Ou' put  from  both  thermocouples 
was  recorded  continuously  with  a  chart 
recorder. 

TEST  EQUIPMENT 

Cable  attenuations  were  monitored  with 
the  equipment  arrangement  shown  in  Fig. 
5.  A  splitter  was  used  to  direct  part 
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of  the  output  of  each  laser  directly 
to  a  detector.  This  was  done  to 
provide  a  reference  signal  for 
correction  of  laser  drift.  The 
outputs  of  the  four  detectors  were 
read  by  a  computer  and  stored  on 
floppy  disk  at  2  minute  intervals 
during  the  test.  To  help  minimize 
equipment  drift,  the  lasers,  splitters 
and  the  four  detectors  were  all 
contained  in  a  small  environmental 
chamber  where  the  temperature  was  kept 
within  the  limits  of  21  degrees  C  plus 
or  minus  1  degree  C. 

ATTENUATION  RESULTS 

The  changes  in  attenuation  with  time 
are  shown  graphically  in  Figs.  7  and  8 
for  the  two  fiber  loops.  Change  in 
attenuation  was  calculated  using  the 


following 

formula. 

A  = 

10 

x  log  (P1/P2)  -  A1 

where 

A  = 

Attenuation  change  from 
start  of  test 

A 1  = 

Reference  attenuation  at 
start  of  test 

PI  = 

Reference  power  level 

P2  = 

Power  level  on  monitored 
fiber  loop 

Essentially  no  significant  change  in 
attenuation  was  observed  at  either 
wavelength. 

OTDR  RESULTS 

The  two  fiber  loops  were  examined 
before  and  after  temperature  cyclinq 
with  a  1.3  um  OTDR  and  at  the 
temperature  extremes  of  the  final 
cycle  with  a  1.55  nm  OTDR.  Results 
are  shown  in  Fig.  9-18.  The  steps  on 
the  traces  are  located  at  the  points 
where  fibers  were  spliced  together  to 
form  the  loops. 

The  attenuations  measured  with  the 
OTDR  are  summarized  in  Table  2. 

The  1.3  um  OTDR  traces  show  no 
measurable  effect  from  the  temperature 
cycling  on  either  fiber  loop.  The 
1.55  um  OTDR  traces  show  no  difference 
in  fiber  attenuation  between  the 
temperature  extremes  of  the  test. 

These  results  confirm  the  attenuation 
results  gathered  by  the  la  ;er  based 
test  equipment  during  the  19  day  test 
period. 

The  exact  location  of  the  hole  was 
confirmed  at  the  conclusion  of  the 
test  by  removing  the  water  head 


standpipe  and  microbending  the  fibers. 
This  is  shown  in  the  OTDR  trace  Fig. 

19.  Note  that  there  is  no  evidence  of 
any  microbending  induced  attenuation 
losses  due  to  frozen  water  in  the 
punctured  (ie.  green)  fiber  tube  in  any 
of  the  OTDR  traces  when  the  cable  is  at 
minus  10  degrees  C. 

PHYSICAL  EXAMINATION 

There  was  no  sign  of  physical 
degradation  of  the  cable  sheath  in  the 
vicinity  of  the  puncture  at  the 
conclusion  of  the  test  (ie.  no  cracking 
or  bulging).  The  sheaths  were  stripped 
and  water  ingress  was  measured. 

Results  are  summarized  in  Table  3. 

WATER  PFNET RATION  TEST 

To  determine  the  resistance  of  a  cable 
to  the  pumping  action  of  a 
freezing/thawing  water  head,  the 
following  test  was  undertaken. 

Two  samples  of  cable  were  each  prepared 
with  a  6. 5  mm  hole  drilled  through  the 
three  sheaths  and  into  one  of  the  fiber 
tubes.  The  first  sample  was  15  m  long 
and  had  the  hole  drilled  at  the  5  m 
point.  The  second  sample  was  35  m  long 
and  had  the  hole  drilled  at  the  15  m 
point.  In  this  way  cable  lengths  of  5, 
10,  15  and  20  m  were  effectively  tested. 

Aim  water  head  was  applied  via  a 
19  mm  standpipe  over  the  puncture  and 
sealed  to  the  cable  as  outlined 
previously. 

Both  samples  were  placed  into  the 
environmental  chamber  with  the  550  m 
attenuation  test  sample.  Excess  length 
was  coiled  around  the  floor  of  the 
chamber  in  oval-shaped  coils 
approximately  2  x  3  m  in  size. 

The  samples  were  cycled  at  the  same 
rate  as  the  550  m  attenuation  sample 
(ie.  54  cycles  of  minus  10  degrees  C  to 
plus  10  degrees  C  with  a  four  hour  soak 
at  each  temperature  extreme). 

RESULTS 

At  the  conclusion  of  the  temperature 
cycling,  the  samples  were  stripped  and 
water  ingress  through  various  paths  was 
measured.  Results  are  summarized  in 
Table  3. 

There  was  no  evidence  of  gel  being 
forced  from  the  ends  of  any  of  the 
tubes  in  any  sample  during  the  test. 
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CONCLUSION 

It  is  possible  to  design  an  optical 
cable  with  a  lightning  withstand 
capability  in  excess  of  160  KA  with 
respect  to  optical  continuity.  This 
is  achieved  by  utilization  of  the  tube 
in  slot  cable  construction  and  a 
multiple  sheath  combination. 

When  a  tube  in  slot  cable  sheath  is 
punctured  some  ingress  of  water  may 
take  place  which  has  no  significant 
effect  on  attenuation  at  either  1.3  um 
or  1.55  um  on  this  cable  construction 
should  subsequent  freeze  thaw 
conditions  occur. 

The  pumping  action  of  a  1  m 
freezing/thawing  water  head  on  this 
type  of  cable  construction  is  not 
sufficiently  strong  to  force  gel  from 
the  end  of  a  5  m  or  longer  cable 
sample. 
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TABLE  3  DISTANCE  (IN  METERS)  OF  WATER  PENETRATION  AT 
CONCLUSION  OF  TEMPERATURE  CYCLING  TEST 

TUBE  'COLOUR'  IDENTIFIES  THE  TUBE  PENETRATED 
BY  THE  DRILLED  HOLE 


PATH 


UNDER  RODENT 

PROTECTS 

SHEATH 


|  SAMPLE  il 

I  5  *  |  10  1 


SAMPLE  12 

IS  a  I  20  m 


I - I - 

!  I  I 

.11  |  .09  !  .05 


.36 


UNDER  2ND  0  I  .08 

SHEATH  I 

UNDER  1ST  ■  1.48  I  1.50 

SHEATH  i 

•ALONG  RIPCORD 


.40 


.36 


.  39 


.52 


j  SAMPLE  *3 
I  50  B  1  5C0  I 


.84  .93 

.46  .75 


TUBE 

PENETRATION 


GREEN 

2.00  i  1.50 


BLUE 

.28  >  .30 


GREEN 

1.90  i  2.25 
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A  Novel  Non-Polyurethane  Re-enterable  Encapsulant 
Compatible  with  Both  Filled  Cable  and 
Polycarbonate  Connectors 


T.S.  Croft,  H. A.  Haugen,  S.P.  Hays,  T.l.  Chen 
and  G.J.  Swampillai 
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Abstract 

Cable  splices  are  widely  protected  from  moisture 
penetration  by  splice  closures  filled  with  a  re¬ 
enterable  encapsulant  in  order  to  maintain  the 
cable  integrity.  The  present  enc.-nsulants  are  two 
part,  extended  polyurethane  gels  based  on 
isocyanate  compounds.  This  paper  describes  the 
development  of  a  novel  re-enterable  encapsulant 
which  is  not  based  on  isocyanate  compounds.  A 
theory  is  proposed  which  can  explain  and  predict 
an  encapsulant' s  ability  to  absorb  cable  filling 
materials  and  its  compatibility  with  the 
polycarbonate  connectors  commonly  used  in  cable 
splices.  Data  are  presented  relating  the  filling 
compound  compatibility  and  polycarbonate 
compatibility,  as  seen  in  accelerated  aging  tests, 
to  the  approximate  total  solubility  parameter  of  a 
polyester  gel  encapsulant  system.  The  result  is  a 
new  non-polyurethane  encapsulant  which  offers 
compatibility  both  with  the  cable  filling 
materials  and  with  polycarbonate  connectors. 


Introduction 

The  development  of  filled  cable,  using  a  grease¬ 
like  composition  such  as  Flexgel3  around  the 
individual  conductors,  has  greatly  contributed  to 
a  reliable,  low  maintenance  outside  telephone 
plant.  Recent  work1'2  has  shown  that  oily 
interfaces  can  develop  around  these  coated 
conductors  when  in  contact  with  certain 
encapsulants  and  can  potentially  lead  to  water 
ingress.  New  second  generation  encapsulants 
absorb  the  filling  compounds  in  the  cable, 
allowing  the  encapsulant  to  seal  around  the  wires 
removing  a  potential  water  pathway.  This 
absorption  capacity  is  measured  by  a  coated 
conductor  pullout  test3  and  a  filling  compound 
compatibility  test.4 

An  encapsulant  has  been  developed  using  polyester 
chemistry  which  absorbs  the  cable  filling  material 
yet  passes  accelerated  aging  tests  for 
polycarbonate  compatibility  under  which 
polyurethane  encapsulants  have  been  reported  to 
affect  polycarbonate.5  The  compatibility  testing 
on  polycarbonate  connectors  with  encapsulants 
reported  in  this  paper  was  carried  out  with 
accelerated  aging  tests  at  50°C  and  60°C,  similar 
to  the  test  outlined  in  a  recent  technical  paper.3 
Polycarbonate  compatibility  was  monitored  in  one 
test  following  a  flexure  test  outlined  in  ASTM  D- 
790  in  which  connector  modules  were  subjected  to 


an  Instron  tensile  testing  machine  to  obtain  a 
flexure  force  to  failure  (breaking)  of  the  module. 

The  data  obtained  on  the  compatibility  of  an 
encapsulant  with  the  filling  compounds  and  with 
the  polycarbonate  connectors  was  related  to  the 
approximate  total  solubility  parameter  of  the 
encapsulant  system.  This  allowed  a  practical 
understanding  of  the  relationship  between  the  two 
to  be  obtained.  It  should  be  emphasized  that  this 
is  a  simplified  correlation  which  does  not  utilize 
more  sophisticated  theories. 

Solubility  Parameter 

The  solubility  parameter  concept  is  an  attempt  to 
quantify  the  old  adage  "like  dissolves  like".  The 
solubility  parameter  values  (represented  by  5  ) 
are  a  measure  of  the  intermolecular  forces  between 
the  molecules  in  a  material  and  are  normally  given 
without  units.  However,  the  values  have  the  units 
(cal/per  CC)*.  Every  compound  or  chemical  system 
is  characterized  by  a  specific  solubility 
parameter  value  and  materials  having  similar 
solubility  parameters  tend  to  be  miscible  or 
dissolve.  Solubility  parameters  car.  be  obtained 
by  experimentation  or  by  calculation  as  reviewed 
by  Barton.6  Many  of  the  values  used  in  this  paper 
have  been  estimated  by  summation  of  the  effects 
contributed  by  the  groups  of  molecular  structure, 
using  available  group  molar  attraction  constants 
developed  by  Hoy',  not  only  for  the  individual 
components  but  also  for  the  polymer  itself. 

For  a  plasticized  crossl inked  polymer  system,  the 
total  solubility  parameter  would  be  the  weighted 
arithmetic  mean  of  the  value  of  each  component. 


Where  i  a,  >  b  and  *  c  are  the  fractions  of 
A,B,  and  C  in  the  system,  and  ca,  6b,  and 
6  c  are  the  solubility  parameter  of  the 
individual  components. 

Compatibility  with  Cable  Filling  Compounds 
Buried  telecommunication  cables  may  be  filled  with 
a  hydrophobic  filling  material  to  help  protect 
the  cable  core  from  water  entry.  The  most  common 
cable  filler  is  Flexgel1  which  contains  a  styrene- 
ethyl  ene/butylene-styrene  block  copolymer 
dissolved  in  a  paraffinic  or  naphthenic  oil,  with 
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polyethylene  added  for  consistency.  Other  cables 
may  have  petroleum  jelly  (PJ)  or  polyethylene 
modified  petroleum  jelly  (PEPJ).  Both  petroleum 
jelly  grease  and  Flexgel  filled  cables  have  shown 
oily  interfaces  when  in  contact  with  encapsulants 
in  cable  splices  which  can  potentially  lead  to 
water  ingress  and  subsequent  failure  of  the 
closure. ^>2  An  encapsulant  which  is  compatible 
with  the  filling  compound  in  the  cable  and  which 
absorbs  the  filling  compounds  allows  the 
encapsulant  to  close  or  seal  around  the  wire,  thus 
obtaining  the  adhesion  to  filled  cable  conductors. 

The  encapsulant  development  work  at  3M  did  not 
involve  isocyanates.  Instead,  the  base  polymer 
utilized  is  a  polyester  derived  from  poly- 
butadiene.  The  solubility  parameter  of  poly¬ 
butadiene  has  been  reported  to  be  about  8.2°  based 
on  calculations  with  Hoy's  method7.  Similar 
calculations  for  the  polyester  derived  from 
polybutadiene  resulted  in  a  value  of  8.3  which  was 
then  used  for  further  calculation  of  the  total 
solubility  parameter  of  the  candidate  encapsulants 
(plasticized  polymer  encapsulant  system). 

A  series  of  encapsulants  were  prepared  with  the 
base  polymer  extended  with  hydrocarbon  extender 


oils  (see  Table  I) 

.  The  absorption  of  the  filling 

Table 

I  -  Extender 

Oils 

Anil ine 

Calc.  Sol .  Par . 

Name 

Point  °F 

Extender  Oil3 

Flexon  766 

223 

7.6 

Tufflo  500 

192 

7.67 

Tufflo  300 

188 

7.7 

Calumet  200 

175 

7.7 

Calumet  6100 

160 

7.7 

Flexon  391 

129 

7.76 

Telura  171 

117 

7.9 

Sundex  750T 

121 

7.94 

Table 

II  -  Oil  Plasticized  Polymer 

Encapsulant  System3 

Calc.  Jotal  Sol . 

Coated 

Par  (  ^ T  )b  for 

Conductorc 

Oil  Plasticized 

Pullout 

Extender 

Polymer  Encap. 

Force 

(lbs) 

Oil  Used 

System 

PEPJ 

Flexa 

Flexon  766 

7.8 

0.2 

0.4 

Tufflo  500 

7.86 

0.1 

0.6 

Calumet  200 

7.9 

0.2 

1.5 

Tufflo  300 

7.9 

0.2 

2.8 

Calumet  6100 

7.9 

0.8 

2.1 

Flexon  391 

7.92 

2.3 

6.7 

Telura  171 

8.0 

4.2 

6.2 

Sundex  750T 

8.03 

4.6 

5.7 

aFormulatior  ■ 

■  35%  polyester  derived  from 

polybutadiene 

,  64.7-64.8%  extender 

oil  ,  0. 

2-0.3% 

catalyst. 

bThe  foil  owing  equation  was  used  to  determine  the 
total  solubility  parameter  of  the  oil  plasticized 
polymer  encapsulant  system. 


Where  t  a  and  f  bwere  the  weight  fractions  of 
the  polymer  and  extender  oil,  respectively  and 
5  a  and  5  b  the  solubility  parameter  of  the 
polymer  and  extender  oil  respectively. 

cGeneral  Cable. 


are  plotted  in  Figure  1,  and  show  little 
absorption  of  filling  material  if  the  total 
solubility  parameter  was  below  7.9.  A  threshold 
value  of  about  8.0  must  be  reached  to  achieve 
adhesion  to  both  the  PEPJ  and  Flexgel  cable 


aThe  following  equation  was  used  to  determine  the 
solubility  parameter  for  the  hydrocarbon  extender 
oi 1 s^ . 

c  =  6.9  +  0.02  Kauri -butanol  value 

The  Kauri -butanol  value  was  calculated  using  the 
following  equation113. 


KB  =  21.5  +  0.206  (%  wt.  naphthenes)  +  0.723 
(%  wt.  aromatics) 


compounds  was  measured  by  a  coated  conductor 
pullout  test.  Uncleaned  conductors  from  filled 
cable  were  placed  in  the  uncured  encapsulant  and 
the  force  necessary  to  pull  the  conductors  after 
the  encapsulant  had  cured  was  measured3.  Table  II 
details  the  results  of  the  coated  conductor 
pullout  test  using  conductors  from  PEPJ  and 
Flexgel  filled  General  Cables  and  the  calculated 
total  solubility  parameter  for  each  oil 
plasticized  polymer  encapsulant  system.  The  data 


Figure  1 
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filling  compounds,  thus  establishing  the  lower 
limit  of  the  encapsulants  solubility  parameter  for 
compatibility  with  the  filling  compounds. 

Another  method  used  to  quantify  the  solvating 
power  of  the  hydrocarbon  extender  oil  was  also 
included  ir.  Table  I.  The  aniline  point  (defined 
as  the  minimum  temperature  for  a  complete  mixing 
of  aniline  and  a  petroleum  product)  is  utilized  to 
indicate  the  aromatic  content  of  hydrocarbon 
extender  oils.  A  high  number  indicates  a  low 
aromatic  content  whereas  a  lower  number  signifies 
a  higher  aromatic  content.  Although  not  plotted, 
a  distinct  correlation  can  be  seen  between  the 
aniline  point  of  the  extender  oil  used  in  the  oil 
extended  polymer  encapsulant  and  the  coated 
conductor  pullout  force  data  (see  Tables  I  and 
II).  Adhesion  to  grease  coated  conductors  with 
the  cured  encapsulant  increased  dramatically  with 
aromatic  type  extender  oils  (low  aniline  point). 
However,  it  is  well  known  in  the  industry  that 
extender  oils  high  in  aromatic  content  cause 
stress  cracking  of  polycarbonate  splicing 
connectors11 . 

Therefore,  data  was  collected  utilizing  ester 
plasticizers  to  prepare  an  additional  series  of 
encapsulants  with  the  base  polymer.  A  series  of 
ester  plasticizers  containing  at  least  two  ester 
groups  were  chosen  with  steadily  increasing 
solubility  parameters.  Table  III  indicates  the 

Table  III  -  Ester  Plasticizers 

Name  (structure)  Solubility  Parameter 

Emery  2900  [di (2-ethylhexyl  7.8a 

dimerate] 

Kodaflex  TXIB  [2,2,4-  8.2a 

tri methyl -1 . 3-pen tanediol 
di i sobutyrate] 

Soybean  Oil  8.311 

Plasthall  OTOA  [Ditridecyl  8.5a 

adipate] 

Flexricn  P-6  [butyl  acetyl  8.6a 

ri cinol eate] 

Nuoplaz  6959  [tris  (2-ethyl  8.9a 

hexyl ) trimel 1 i tate] 

Hatco  OOP  [dioctyl  phthalate]  9.0a 

Hatco  DBP  [dibutyl  phthalate]  9.6a 

Benzoflex  9-88  [dipropylene  9.8a 

glycol  dibenzoate] 

Calculated  by  method  of  Hoy7 


solubility  parameters  for  this  series  of  ester 
plasticizers.  The  results  of  the  pullout  force  of 
uncleaned  PEPJ  and  Flexgel  coated  conductors  from 
each  ester  plastisized  polymer  encapsulant  system 
are  presented  in  Table  IV,  as  is  the  calculated 
total  solubility  parameter  for  each. 


Table  IV  -  Ester  Plasticized  Polymer 
Encapsulant  System*1 


Cal c .  Total  Sol . 

Coated 

Par.  (  i  )b  for 

Conductorc 

Ester  Plasticized 

Pul  lout 

Extender 

Polymer  Encap. 

Force  ( 

lbs) 

Oil  Used 

System 

PEPJ 

Flex 

Emery  2900 

8.0 

2.9 

3.8 

Kodaflex  TXI8 

8.2 

4.7 

5.7 

Soybean  Oil 

8.3 

4.4 

5.5 

Plasthall  DT0A 

8.4 

4.5 

5.8 

Flexricin  P-6 

8.5 

4.1 

6.0 

Nuoplaz  6959 

8.6 

3.9 

5.3 

Hatco  D0P 

8.7 

4.6 

6.1 

Hatco  DBP 

9.1 

4.6 

4.1 

BenzoFlex  9-88 

9.2 

2.2 

1.8 

aFormulation  -  40%  polyester  derived  from 
polybutadiene,  59%  ester  plastisizer,  1.0% 
catalyst. 

bThe  total  solubility  parameter  determined  as  the 
weighted  arithmetic  mean  of  the  value  of  each 
component  (see  Table  II  for  method). 

cGeneral  Cable 

The  data  from  Table  IV  was  plotted  in  Figure  2  to 
indicate  the  correlation  of  the  pullout  force  from 
the  coated  conductor  pullout  test  to  the 
calculated  total  solubility  parameter  of  each 
ester  plasticized  polymer  encapsulant  system.  A 

F igure  k 
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generally  constant  absorption  of  both  PEPJ  and 
Flexgel  occurred  over  a  solubility  range  from 
about  8.0  to  9.0  with  the  adhesion  of  the  cured 
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encapsulant  to  PEPJ  coated  conductors  of  about  4.2 
lbs/conductor  and  to  Flexgel  coated  conductors  of 
about  6.0  Ibs/conductor. 

The  absorption  by  this  series  of  ester  plasticized 
polymer  encapsulant  systems  of  PJ,  PEPJ,  and 
Flexgel  has  also  been  measured  following  the 
filling  compound  compatibility  test  of  the 
Bellcore  reenterable  encapsulant  speci f ication4 . 
This  test  consists  of  determining  the  percent 
weight  change  of  a  specified  amount  of  encapsulant 
in  contact  with  a  similar  amount  of  filling 
compound  at  70°F  for  seven  days.  Only  the  room 
temperature  test  was  run  due  to  the  volatility  of 
some  of  the  ester  plasticizers.  The  percent 
weight  changes  with  the  filling  compounds  to  the 
encapsulants  are  summarized  in  Table  V  and  the 

Table  V  -  Filling  Compound  Compatibility  at  7Q°F 

of  Ester  Plasticized  Polymer  Encapsulant  System3 


Calc  Total 

Sol 

Par.  (  6 

)b 

for 

Ester 

Plasticized 

Percent  Change  with 

Ester 

Polymer  Encap 

.  Filling  Compound*1 

Plasticizer 

System 

FI exqel 

PEPJ 

PJ 

Emery  2900 

8.0 

7.1 

1.0 

1.3 

Kodaflex  TXIB 

8.2 

9.4 

3.2 

3.2 

Soybean  Oil 

8.3 

6.7 

1.9 

2.1 

Plasthall  DTDA 

8.4 

6.1 

2.6 

3.4 

Flexricin  P-6 

8.5 

10.8 

5.9 

2.8 

Nuoplaz  6959 

8.6 

5.0 

2.5 

2.2 

Hatco  DOP 

8.7 

7.2 

4.0 

2.2 

Hatco  DBP 

9.1 

9.5 

5.1 

1.0 

Benzoflex  9-88 

9.2 

3.1 

3.5 

-0.6 

aFormulation  - 

40%  polyester 

derived  from 

polybutadiene. 

59% 

ester  plasticizer, 

1%  catalyst. 

data  plotted  in  Figure  3.  A  general  constant 
absorption  of  Flexgel  was  noted  over  a  total 
solubility  parameter  range  of  about  8.0  to  9.0.  A 
similar  absorption  range  was  exhibited  with  both 
PEPJ  and  PJ  although  at  a  lower  level.  The  fact 
that  encapsulants  have  higher  compatibility  with 
Flexgel  than  petroleum  jelly  has  also  been  noted 
previously1’2’3. 

Why  are  the  cable  filling  materials  absorbed  in 
this  solubility  parameter  region?  We  postulate 
that  the  answer  lies  in  the  fact  that  "like 
dissolves  like"  and  the  plastisized  polymer 
encapsulant  system  is  substantially  compatible 
with  major  constituents  of  the  Flexgel,  PEPJ  or  PJ 
filling  material.  For  example,  each  block  in  the 
styrene-ethylene/  butylene-stryene  block  copolymer 
in  Flexgel  exhibits  its  own  characteristic 
solubility  parameter  value  and  can  then  be 
individually  dissolved  by  a  suitable  system. 

Table  VI  indicates  the  solubility  parameters  of 
major  constituents  in  the  PJ,  PEPJ  and  Flexgel 
cable  filling  compounds  and  an  encapsulant  with  a 
totul  solubility  parameter  in  this  region  should 
interact  in  some  fashion. 

Table  VI  -  Solubility  Parameters  (  °  ) 
Flexgel  (  ^  1 

Kraton  165012 


Polyethylene/ 

Butylene  Block 

7.9 

Polystyrene 

Block 

9.1 

Polyethylene13 

7. 8-8. 3 

bThe  total  solubility  parameter  determined  as  the 
weighted  arithmetic  mean  of  the  value  of  each 
component  (see  Table  II  for  method). 

cFlexgel  from  Witco 
PEPJ,  GCI  from  Witco 
PJ,  Penreco  Cable  Filler  Base  Code  4576 


Figure  3 

Correlation  ol  the  filling  compound  compatibility  at 
70'  F  to  the  calculated  total  solubility  parameter  ot 
ester  plasticized  polymer  encapsulant  system 


Grease 

Petrolatum3  7.8 

Polyethylene13  8.1 

Polycarbonate13  9.3-10.3 

Calculated  as  Ci0  alkane  but  solubility  parameter 
should  be  broadened  since  petrolatum  is  a  mixture. 

Polycarbonate  Connector  Compatibility 
Compatibility  with  polycarbonate  has  the  opposite 
meaning  to  that  of  the  previous  section.  Since 
absorption  of  the  cable  filling  materials  into  the 
encapsulant  was  necessary  to  obtain  adhesion  to 
the  coated  conductors,  the  total  solubility 
parameter  of  the  encapsulant  was  adjusted  to 
dissolve  some,  portion  of  the  filling  material.  An 
encapsulant  should  be  as  far  as  possible,  in  total 
solubility  parameter,  from  that  of  polycarbonate 
to  prevent  stress  cracking,  crazing  or  weakening 
of  the  polycarbonate  connectors.  A  solubility 
parameter  of  9.3  to  10.3  has  been  reported  for 
polycarbonate13  (see  Table  VI). 

Two  methods  were  utilized  to  test  for 
compatibility  with  polycarbonate.  The  first 
method  was  to  immerse  polycarbonate  bars  in  the 
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ester  plasticized  polymer  encapsulant  systems. 

The  total  solubility  parameter  for  each 
encapsulant,  presented  in  Table  IV,  is  repeated  in 
Tables  VII  and  VIII.  After  21  days  at  122°F 
(50°C),  the  bars  were  removed  from  the 
encapsulants,  conditioned  at  23°C  for  24  hours, 
and  tested  for  tensile  strength  at  a  cross  head 
speed  of  0.5  mm/sec  using  an  Instron  Model  1123 
tensile  machine.  This  data  is  collected  in  Table 
VII  and  plotted  in  Figure  4.  The  second  method 


Table  VII  - 

Ester  Plasticized 

Polymer  Encapsulant 

System3  Compatibility  to  Polycarbonate 

Bar  After  21  Days  at 

50°C 

Calc  Total  Sol . 
Par.  (  6  )b  For 

Tensile 

Ester 

Ester  Plasticized  Tensile 

Strength 

Plasticizer 

Polymer  Encap. 

Strengthc 

as  Percent 

Used 

System 

(N/Cm2) 

of  Control 

Control 

6510 

100 

Emery  2900 

8.0 

6020 

92 

Soybean  Oil 

8.3 

6330 

97 

Plasthal )  DTDA  8.4 

5800 

89 

Flexricin  P- 

6  8.5 

5420 

83 

Nuoplaz  6959  8.6 

5750 

88 

Hatco  OOP 

8.7 

5060 

78 

Hatco  DBP 

9.1 

4440 

68 

Benzoflex  9- 

88  9.2 

4280 

66 

aFormulation  -  40%  Polyester  derived  from 
polybutadiene,  59%  ester  plasticizer,  1%  catalyst. 

bThe  total  solubility  parameter  determined  as  the 
weighed  arithmetic  mean  of  the  value  of  each 
component  (see  Table  II  for  method). 

cAverage  of  three  samples. 

^Tensile  Strength  of  Encapsulated  Bar  After  Test 
Tensile  strength  of  non-encapsul ated  bar  control. 
xlOO 


Figure  4 


Coirelation  of  polycarbonate  bar  compatibility  after 
21  days  at  SOX  to  calculated  total  solubility 
parameter  of  ester  plasticized  polymer  encapsulant 
system 


TimISiIi 


utilized  3M  MS2™  Super  Mate™  4005-DPM  module 
splicing  connectors  spliced  with  the  maximum  wire 
gauge  recommended  (22  gauge)  emmersed  in  the 
encapsulants  for  9  weeks  at  50°C.  During  and 
following  the  test,  the  modules  were  subjected  to 
the  Instron  tensile  machine  to  obtain  a  flexure 
force  to  break  the  modules  (flexure  force  to 
failure)  following  the  procedure  outlined  in  ASTM 
D790.  This  data  is  collected  in  Table  VIII  and  is 
plotted  in  Figure  5.  See  Attachment  A  and  B  for 
method  descriptions. 

Table  VIII  -Ester  Plasticized  Polymer  Encapsulant 
System^  Compatibility  to  3M  4005  PPM 
Polycarbonate  Module  After  63  Days  at  50°C 


Calc  Total  Sol . 

Par.  (  6  )b  For  Breaking 

Ester  Ester  Plasticized  Breaking  Force  as 

Plasticizer  Polymer  Encap.  Force  Percent  of 
Used  System _  ( lbs)c  Control** 


Control 

---- 

121 

100 

Emery  2900 

8.0 

128 

106 

Soybean  Oil 

8.3 

123 

102 

Plasthal 1  DTDA 

8.4 

116 

96 

Nuoplaz  6959 

8.6 

108 

89 

Hatco  OOP 

8.7 

37 

31 

Hatco  D8P 

9.1 

26 

21 

Benzoflex  9-88 

9.2 

27 

22 

aformulation  - 

40%  polyester  derived 

from 

polybutadiene  - 

■  58-59.7%  plasticizer, 

,  0.3-1% 

catalyst. 

bThe  total  solubility  parameter  determined  as  the 
weighed  arithmetic  mean  of  the  value  of  each 
component  (see  Table  11  for  method). 

cAverage  of  three  samples. 

^Breaking  Force  of  Encapsulated  Module  After  Test 
Breaking  force  of  non-encapsul ant  module  control 
x  100. 


Figure  5 


ConeJdtiOn  of  polycarbonate  module  compatibility 
niter  C'3  days  at  50'C  to  calculated  total  solubility 
Parameter  of  ester  plasticized  polymer  encapsulant 
system 
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An  examination  of  both  Figures  4  and  5  revealed 
that  to  be  fully  compatible,  i.e.  non-weakening  or 
non-stress  cracking,  the  total  solubility 
parameter  of  the  encapsulant  system  should  be 
below  about  8.3.  This  would  be  about  one 
solubility  parameter  unit  from  the  9.3  lower  limit 
reported  to  be  the  solubility  parameter  of 
polycarbonate  (see  Table  VI).  This  falls  midway 
in  the  region  reported  in  the  literature1^  to  be 
the  crazing  region  for  polycarbonate  and  well 
below  the  region  of  solubility  parameter  range  of 
9.0  to  10.7  which  is  the  cracking  region  for 
polycarbonate. 

Solubility  Parameter  Theory  Applied  to 
Re-enterable  Encapsulant 

The  previous  sections  indicated  that  a  threshold 
solubility  parameter  value  of  about  7.9  was  the 
lower  limit  to  achieve  absorption  of  cable  filler 
and  obtain  adhesion  to  the  coated  conductors.  In 
addition,  a  generally  constant  absorption  of  the 
cable  filling  materials  occurred  if  the  total 
solubility  parameter  of  the  encapsulant  had  a 
range  of  about  8.0  to  9.0.  Finally,  the 
accelerated  aging  test  data  were  interpreted  to 
indicate  that  the  total  solubility  parameter  of 
the  encapsulant  should  be  below  about  8.3  to  avoid 
weakening  or  stress  cracking  the  polycarbonate 
connectors.  Therefore,  there  is  a  window  in  which 
the  total  solubility  parameter  of  an  encapsulant 
can  be  situated  where  adhesion  can  be  obtained 
without  stress  cracking  the  polycarbonate. 

Figure  6  is  an  idealized  representation  of  the 
relationship  between  adhesion  to  grease  coated 
conductors  from  filled  cables  and  the  stress 
cracking  of  polycarbonate.  Absorption  of  the 

Figure  6 

Relationship  of  solubility  parameter  of  encapsulant 
to  adhesion  to  grease  coated  conductors  and 
stress  cracking  of  polycarbonate 


3M  Brand  4442  High  Gel  Re-enterable  Encapsulant 
The  total  solubility  parameter  of  3M  Brand  4442 
High  Gela  encapsulant  has  been  adjusted  to  fall 
within  the  window  discussed  in  the  last  section. 

When  accelerated  aging  at  60°C  was  carried  out 
with  fully  spliced  3M  4005  DPM  connecting  modules 
encapsulated  with  4442  High  Gel,  no  change  was 
observed  in  the  breaking  force  to  failure  data 
after  63  days.  This  would  indicate  that  4442  High 
Gel  did  not  weaken  the  module  under  these 
conditions  (see  Table  IX  for  data).  A  recent 
paper^  presented  data  from  a  similar  test  on  710 
SB1-25  modular  connectors  in  D-Encapsulant  and  D- 
1000  Encapsulant,  both  polyurethane  encapsul ants . 
These  data  have  been  incorporated  into  Table  IX 

Table  IX  -  Flexure  Force  to  Failure  Data 

for  Encapsulated  Splice  Modular 
Connectors  at  60°C 


Aging 

Breaking 

Force,  lbs. 

Time,  Days 

4005  DPMa 

710-SB11 

Control 

0 

128c 

136c 

(not 

encapsulated) 

7 

130 

_ 

15 

— 

130 

21 

129 

— 

31 

— 

119 

63 

129 

— 

3M  4442  High  Gel 

7 

130 

— 

21 

130 

— 

63 

127 

— 

D-Encapsul ant 

15 

— 

92 

31 

— 

84 

D-1000 

15 

— 

70 

31 

— 

75 

cable  filling  materials  occurred  in  the  range  of 
about  8.0  to  9.0  where  the  encapsulant  was 
substantially  compatible  with  the  major 
constituents  in  the  cable  filling  compounds. 

Stress  cracking  of  the  polycarbonate  connecting 
devices  steadily  increases  as  the  total 
solubility  parameter  of  the  encapsulant  goes  above 
8.3  and  increases  toward  the  solubility  parameter 
of  polycarbonate  at  9.3  to  10.3. 


a3M  MS2™  Super  Mate™  4005-DPM  Modules,  average 
of  3  samples. 

^Data  taken  from  Table  IV  of  reference  5  on  AT&T 
Technologies,  710  SB1-25  modular  connector, 
average  of  2  samples. 

cInitial  breaking  force  at  23°C. 

and  plotted  along  with  the  3M  data  on  3M  4442  High 
Gel  in  Figure  7.  Both  the  3M  and  AT&T  tests 
obtain  the  breaking  force  to  failure  on  the 
encapsulated  modules  following  ASTM  D  790  after 
accelerated  aging,  although  the  duration  of  the  3M 
test  is  63  days  compared  to  31  days  in  the  AT&T 
test  sequence. 

Examination  of  Table  IX  and  Figure  7  indicated 
that  3M  4442  High  Gel  did  not  stress  crack  3M 
4005-DPM  modules  in  an  accelerated  aging  test 
whereas  D-Encapsulant  and  D-1000  affected  710-SB1 
modular  connectors  in  a  similar  test. 

Registered  trademark  of  3M. 
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Figure  7 


Compatibility  test  of  encapsuiants  on 
polycarbonate  modules  at  60VC. 


3.  BellSouth  Specification  CAO  8735-BS  dated  May 
1,  1985  on  “Re-enterable  Encapsuiants". 

4.  Bellcore  Technical  Advisory  TA-TSY-Q00354 
dated  February,  1986  on  “Re-enterable 
Encapsuiants" . 

5.  Chapin,  J.T.  and  Sabia,  R.,  Proceedings  of 
the  Thirty-Fourth  International  Wire  and 
Cable  Symposium,  p.  418,  1985 

6.  A.F.M.  Barton  “CRC  Handbook  of  Solubility 
Parameters  and  Other  Cohesion  Parameters", 
1983,  CRC  Press,  Boca  Ranton,  Florida 

7.  K.L.  Hoy,  "Tables  of  Solubility  Parameters", 
Union  Carbide  Corporation,  1975;  J.  Paint 
Technol.  42,  76  (1970) 

8.  Barton,  op.  cit.,  pg.  314 

9.  W.W.  Reynolds  and  E.C.  Larson,  Off.  Dig. 
Fed.Soc.  Paint  Technol.  34,  311  (1962) 


Examination  of  Table  IX  and  Figure  7  indicated 
that  3M  4442  High  Gel  did  not  stress  crack  3M 
4005-0PM  modules  in  an  accelerated  aging  test 
whereas  D-Encapsulant  and  0-1000  affected  710-S81 
modular  connectors  in  a  similar  test. 


Conclusions 

The  use  of  the  total  solubility  parameter  of  an 
encapsulant  provides  a  practical  method  for 
understanding  the  encapsuiants  compatibility  with 
both  cable  filling  compounds  and  polycarbonate 
connectors.  Data  were  presented  which  indicated  a 
window  in  which  the  total  solubility  parameter  of 
an  encapsulant  could  be  situated  to  obtain 
adhesion  to  filled  cable  conductors  without  stress 
cracking  polycarbonate  connectors.  The  result  is 
a  new  encapsulant  based  on  polyester  chemistry 
which  offers  the  first  alternative  to  polyurethane 
encapsuiants  based  on  isocyanates.  This  new 
encapsulant  does  not  stress  crack  polycarbonate 
modules  in  accelerated  aging  tests  and  does  not 
exhibit  environmental  difficulties  normally 
reported  for  isocyanate  based  polyurethanes. 
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Attachment  A 

Compatibility  Testing  of  Encapsulant  with 
Polycarbonate  Bars 

1.1  The  polycarbonate  bar  compatibility  with 
the  encapsulant  will  be  tested  as  follows: 

1.11  This  evaluation  requires  polycarbonate 
bars,  5"  x  1/2"  x  1/8",  from  General 
Electric,  Lexan  141-112  (clear). 


1.12  Measure  the  tensile  strength  in  newtons  per 
cm2  of  three  bars  following  the  tensile  test 
method  outline  in  ASTM  D638  using  an  Instron 
ten'^le  "’achine  at  a  cross  head  speed  of  0.5 
mm,  ese  values  will  serves  as 

con' 


1.13 


Lai  an  aluminum  tray  as:  Control-3  weeks 
ana  lace  three  of  the  above  bars  in  the 
tray  These  modules  will  not  be 
enca  ulated. 
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1.14  Label  each  aluminum  tray  as:  Encapsulant  3 
weeks.  Place  three  of  the  above  bars  in 
each  tray. 

1.15  Prepare  the  encapsulant  to  be  tested  and 
fill  each  tray,  except  the  control  tray,  so 
that  all  bars  are  submerged  in  the 
encapsulant. 

1.16  Allow  the  encapsulant  to  cure  24  hours. 

1.17  Place  all  the  sample  trays  in  an  air 
circulating  oven  at  50°C. 

1.18  Remove  the  trays  after  three  weeks  and 
allow  to  cool  to  room  temperature.  Peel 
away  the  encapsulant  from  the  bars. 

1.19  Measure  the  tensile  strength  of  the  bars  as 
in  1.12  for  the  control  and  for  each 
encapsul ant-3  weeks  tray. 


Attachment  B 

Compatibility  Testing  of  Encapsulant 
with  Polycarbonate  Modules 

1.1  The  module  compatibility  with  the 

encapsulant  will  be  tested  as  follows: 

1.11  The  module  evaluation  requires  thirty 
telecommunication  connector  modules.  Each 
module  will  be  crimped  with  the  maximum 
wire  gauge  allowed,  and  the  conductor  shall 
be  of  solid  PIC  insulation.  This  step  is 
required  to  impart  maximum  stress  on  each 
module. 

Note:  Conductors  of  the  crimped  module  will 
be  of  any  length. 

1.12  Measure  the  breaking  force  in  pounds  of 
three  modules,  following  the  flexure  test 
ou^'ined  in  ASTM  D790  using  an  Instron 
tensile  machine  at  a  cross  head  speed  of 
0.5  in/min.  (support  span  of  130  mm,  radius 
support  cylinder  of  0.5  inch,  nose  radius  of 
0.75  inch).  These  values  will  serve  as 
controls. 

1.13  Label  three  aluminum  trays:  Control  1  week. 
Control  3  weeks,  and  Control  9  weeks.  In 
each  tray,  place  three  of  the  above  modules. 
These  modules  will  not  be  encapsulated. 

1.14  Label  three  aluminum  trays:  1  week,  3 
weeks,  and  9  weeks.  In  each  tray  place  six 
of  the  above  modules. 

1.15  Prepare  the  encapsulant  according  to  the 
manufacture's  instructions,  and  fill  each 
tray,  except  the  control  trays,  so  that  all 
modules  are  submerged  in  the  encapsulant. 


1.16  As  soon  as  possible  and  before  gelling  has 
occurred,  place  each  aluminum  tray,  except 
the  control  trays,  into  a  pressure  pot  and 
apply  an  external  pressure  of  20  psi  until 
the  encapsulant  gels. 

1.17  Allow  encapsulant  to  cure  24  hours. 

1.18  Place  all  the  sample  trays  in  an  air- 
circulating  oven  at  50°C. 

1.19  Remove  the  1-week  tray  and  allow  to  cool  to 
room  temperature.  Peel  away  the 
encapsulant  from  the  modules. 

Measure  the  breaking  force  following  the 
flexure  test  as  in  1.12  for  three  modules. 

1.20  Remove  the  control  1-week  tray  and  allow  to 
cool  to  room  temperature.  Measure  the 
breaking  force  as  in  1.12  using  three 
modules . 

1.21  Repeat  1.19  and  1.20  at  the  3  week  and  9 
week  intervals. 
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Abstract 

Heat  recoverable  articles  are  used  extensively  in 
telecommunications  over  sheath  splice  bundles, 
often  in  directly  buried  applications.  This  paper 
will  describe  a  wraparound  heat  recoverable  sleeve 
closure  mechanism  that  consists  of  a  high 
strength,  high  temperature  resistant  acrylic 
pressure  sensitive  adhesive  tape.  Central  to  the 
performance  of  this  tape  is  a  high  adhesion 
coating  which  chemically  bonds  to  the  adhesive. 
Several  of  the  problems  involved  in  the 
development  of  the  pressure  sensitive  tape  were 
overcome  using  interesting  new  test  methods. 

These  accurately  predicted  some  parameters  that 
are  now  incorporated  into  the  tape.  Finding  a 
test  method  that  accurately  predicted  how  these 
tapes  would  function  in  actual  applications  was 
central  to  the  success  of  this  projecc. 

Some  aspects  of  the  polyethylene  backing  also 
affect  the  taoe  bond,  such  as  the  shrink  force  and 
degree  of  crosslinking.  A  new  way  of  testing  the 
backing  has  led  to  insights  into  properties  such 
as  notch-tear  resistance. 


Introduction 

Heat  shrinkable  articles  for  the 
telecommunications  industry  have  been  in 
widespread  use  for  several  years.  They  include 
heat  recoverable  tubes,  tapes,  end  caps,  articles, 
and  wrap-around  sleeves.  The  wrap-around  sleeve 
concept  is  particularly  useful  for  sealing  tele¬ 
phone  splice  joints  and  repairing  damaged  cable 
sheath.  These  sleeves  are  generally  polyethylene 
or  one  of  its  copolymers  that  has  been  cross- 
linked  and  stretched  at  high  temperatures,  then 
frozen  into  the  stretched  condition  by  rapid 
cooling.  These  products  are  easily  installed  and 
may  be  re-entered  at  a  later  time  if,  for  example, 
a  splice  must  be  re-opened.  They  are  installed  by 
first  preparing  the  splice  and  cable,  fastening 
the  longitudinal  edges  of  the  sheet  together 
either  mechanically  or  adhesively  to  form  a  tube 
around  the  cable,  and  then  heating  the  sheet  to 
above  its  softening  point,  most  commonly  with  a 
gas  torch.  Generally  a  layer  of  hot  melt 
adhesive  is  coated  onto  the  inner  surface  of  the 
polyethylene  backing  which  melts  below  the 
softening  point  of  the  backing  and  provides  a 
tight,  waterproof  seal  to  the  cable  at  each  end  of 
the  splice.  This  is  vitally  important  for  the 
success  of  the  installation.  In  order  to  insure 


that  enough  heat  reaches  the  hot  melt  layer  to 
effect  adhesive  bonding,  a  thermal  sensitive 
indicator  paint  is  often  coated  on  the  exterior  of 
the  sleeve.  Enough  heat  has  been  applied  when 
this  paint  turns  color.  After  installation  the 
polyethylene  sleeve  must  provide  the  same  sort  of 
mechanical,  electrical  and  chemical  protection 
that  the  original  cable  sheath  imparted.  See 
Figure  1  for  a  typical  sleeve  construction. 


Pressure  Sensitive 


Fig  1  Wraparound  sleeve. 

It  is  important  that  the  installation  of  the 
sleeve  be  as  'simple  and  trouble-free  as  possible. 
Typical  problems  that  can  occur  are  scorching  and 
splitting  of  the  sleeve,  splitting  of  the  sleeve 
due  to  nicks  or  cuts  in  the  edge  or  because  of 
accidentally  hitting  it  with  the  torch  head, 
difficulty  in  fastening  the  edges  together,  or 
putting  insufficient  heat  into  the  material  to 
melt  the  hot  melt  adhesive  layer.  One  of  the 
goals  in  developing  a  wrap-around  sleeve  was 
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to  eliminate  as  many  of  these  problems  as 
possible.  This  paper  will  attempt  to  describe  the 
development  of  a  new  closure  mechanism  using  a 
pressure  sensitive  adhes've  tape  and  some  of  the 
technical  problems  that  were  overcome  in  its 
development,  including  a  unique  test  method  that 
relates  laboratory  testing  to  actual  performance. 
Me  will  also  explore  a  new  way  of  testing 
experimental  polyethylene  sleeve  backings  that 
gives  insight  into  their  development  and 
manufacture . 

Pressure  Sensitive  Tape  Closure 
A  crucial  element  in  any  heat  recoverable  wrap¬ 
around  sleeve  is  the  closure  mechanism  that  holds 
the  edges  of  the  sleeve  together.  It  must  be 
convenient  to  use  and  reliable  in  operation.  A 
unique  way  to  fasten  two  edges  of  the  backing 
sheet  is  to  use  a  reinforced  pressure  sensitive 
tape.  This  approach  has  the  advantages  of  being 
convenient,  allowing  reposi tionabi 1 i ty  of  the 
closure,  allowing  changing  dimensions  because 
only  one  edge  of  the  sheet  is  fixed,  being  easier 
to  use  in  close  quarters  (i.e.  in  a  pit)  than  a 
slip-on  mechanical  closure,  following  the  contour 
of  bends  easier  because  of  its  flexibility,  and 
allowing  reinforcement  of  specific  areas  of  the 
sheet. 

The  requirements,  however,  for  a  suitable  tape  are 
strict.  The  tape  has  to  be  able  to  be  applied  at 
a  broad  range  of  temperatures,  has  to  be  resistant 
to  dirt  and  water  contamination,  has  to  have 
enough  initial  tack  to  hold  at  low  application 
temperatures  but  not  loosen  at  the  high 
temperatures  of  the  torch,  must  form  a  bond  that 
can  withstand  the  shrink  forces  of  the 
polyethylene  backing  as  it  contracts,  must  have  at 
least  a  three  year  shelf  life  and  must  be 
reposi ti onabl e  if  initially  misapplied. 

In  order  to  achieve  all  this  an  adhesion  promoter 
was  needed  on  the  polyethylene  backing  to  enhance 
the  adhesion  of  the  pressure  sensitive  tape 
adhesive.  This  adhesion  promoter  is  applied  in  a 
proprietary  process  that  permanently  bonds  it  to 
the  backing.  The  pressure  sensitive  adhesive  then 
cross-links  to  itself  (internally)  to  withstand 
the  heat  of  the  torch  and  also  bonds  to  the 
backing  through  the  adhesion  promoter.  The 
resulting  bond  is  well  able  to  hold  the  forces  of 
the  polyethylene  shrinking  under  high 
temperatures . 


Pressure  Sensitive  Tape  Testing 
Original  attempts  to  test  the  pressure  sensitive 
closure  tape  using  conventional  shear  and  peel 
tests  met  with  mixed  results.  Data  from  these 
types  of  tests  were  ambiguous  and  did  not 
correlate  well  with  actually  testing  sleeves  on 
splice  closures.  A  new  test  was  needed  that  could 
utilize  the  shrinking  forces  of  the  polyethylene 
backing,  could  be  done  at  high  temperatures  to 
simulate  the  use  of  a  torch,  and  could  incorporate 
the  adhesion  promoter  used  in  the  backing  to  test 
its  efficacy.  Such  a  method  was  developed  and  is 
shown  in  Figure  2. 


Peeiback  Area  Rating 

0  =  Bond  Failure 
3  =  5Q°/o  Failure 
6  =  No  Peeiback  Occurs 


Fig.  2  Test  used  to  measure  PSA  tape  to-polyetnyiene 
backing  bond 

The  test  specimens  are  made  up  of  one  inch  by 
three  inch  pieces  of  pressure  sensitive  tape 
bonded  at  each  end  of  a  stretched  piece  of 
polyethylene  backing.  The  tape  ends  are  clamped 
in  a  set  of  immovable  jaws  and  quickly  heated  to 
at  least  300°F,  which  is  well  above  the  softening 
point  of  the  backing.  The  quality  of  the  bond  is 
determined  by  how  much  of  the  polyethylene  is  able 
to  peel  away  from  the  tape.  A  rating  scale  of  0-6 
is  used,  with  zero  indicating  complete  release  of 
the  tape  and  six  indicating  the  best  bond 
possible,  i.e.  complete  tape  coverage.  This  test 
has  elements  of  shear,  peel,  and  cleavage 
incorporated  into  the  failure  mechanism  and  proved 
to  be  closely  correlatable  to  real  life  testing  of 
full  sheets  over  splice  closures. 

One  of  the  first  uses  of  this  test  method  was  in 
determining  optimum  thickness  of  the  closure 
tape.  In  studying  the  geometry  of  a  typical  heat 
shrink  application,  Figure  3,  it  appears  that 


Fig  3  Geometry  ot  typical  sleeve  installation 
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shear  stresses  would  determine  the  failure  mode. 
Shear  testing  in  the  laboratory  indicated  that 
thinner  tapes  (low  adhesive  caliper)  would  resist 
these  forces  best.  This  was  not  borne  out  in 
actual  attempts  to  install  sleeves,  however,  where 
thin  tapes  gave  erratic  results.  On  the  other 
hand,  peel  testing  of  the  tape  from  the  backing 
gave  no  consistent  trends  at  all.  Vet  we  knew  by 
observation  that  tape  caliper  was  significant  to 
success.  However,  the  new  test  method  which 
combined  these  failure  modes,  gave  the  best 
answer,  as  shown  in  Figure  4.  It  turned  out  that 
increasing  caliper  gave  better  results  until  an 
optimum  point,  after  which  increased  thickness  was 
detrimental.  This  allowed  an  accurate  prediction 
of  the  optimum  value  of  pressure  sensitive  tape 
cal iper . 


Fig  4  Graph  indicating  performance  of  PSA  tape  versus  caliper 


Pressure  Sensitive  ftdhesive  Formulation 
Perhaps  the  biggest  challenge  to  the  program  came 
in  trying  to  balance  the  properties  of  the 
pressure  sensitive  adhesive  used  on  the  tape. 

This  material  must  cure  quickly  under  the  heat  of 
the  torch  during  application,  but  must  maintain  a 
shelf  life  measured  in  years  at  ambient 
temperatures  ranging  to  140°F.  The  initial  tape 
adhesive  formulation  is  shown  generically  in 
Figure  5.  This  was  the  first  material  developed 
that  indicated  feasibility.  It  had  good  initial 
tack  and  was  repositionable,  yet  also  cross-linked 
fast  enough  at  high  temperatures  to  hold  the 
shrinking  polythylene  backing  together. 

FIGURE  5 

Original  PSA  Adhesive  Formulation 


Parts 


Acrylate  Esters 

84 

Acidic  Monomer 

16 

MFX* 

3.5 

Reinforcing  Filler 

6.5 

‘Multifunctional  thermal 

crossl inker 

Unfortunately  this  formula  had  one  major  problem  - 
it  slowly  cured  at  room  temperature  and  became 
useless,  losing  all  of  its  pressure  sensitive  tack 
properties. 

A  test  method  was  developed  to  measure  this 
increased  cross-linking  with  time  called  the  gel 
swell  test,  which  then  gave  a  basis  for  further 
research.  The  gel  swell  test  gives  a  swelling 
index,  "Q",  by  soaking  one  inch  diameter  thin 
discs  of  the  adhesive  to  be  tested  in  a  solvent 
for  twenty  four  hours,  then  weighing  to  give  the 
swollen  PSA  weight,  which  is  compared  to  the 
original  weight  of  the  disc  before  soaking. 

The  Q  is  calculated  as: 

Swelling  Index  =  Q  =  Ws  -  Wo. 

Wo 

where  Wo  is  the  dry  weight  of  the  PSA  and  Ws  is 
the  swollen  weight.  The  higher  the  Q  value  is, 
the  more  solvent  is  absorbed  and  the  1 ower  the 
crosslinking  of  the  adhesive.  In  other  words,  Q 
is  an  inverse  measure  of  the  reaction  that  has 
occurred  in  the  adhesive.  Figure  6  shows  the 
results  of  running  this  test  on  the  original 
adhesive. 


FIGURE  6 
Gel  Swell  Test 


Conditions 

0  Value 

Before  Aging 

4.6 

Cured  350°F  - 

4  minutes 

2.4 

Aged  at  155°F 

1  day 

4.4 

2  days 

3.3 

3  days 

3.2 

4  days 

3.2 

6  days 

3.4 

8  days 

2.8 

Aged  at  180°F 

12  hours 

3.1 

24  hours 

2.5 

Full  cure  is  considered  to  be  after  four  minutes 
at  350°F,  and  the  Q  value  goes  from  4.6  to  2.4 
during  full  cure.  Significant  curing  and  loss  of 
tack  occurs  at  155°F  in  a  matter  of  a  few  days, 
while  at  higher  temperatures  the  same  effects  may 
be  measured  in  hours.  At  room  temperatures  this 
adhesive  slowly  lost  tack  until  it  was  useless 
within  a  few  months. 

Testing  variations  of  the  original  formula  gives 
the  results  shown  in  Figure  7.  Here  the  original 
formulation  is  compared  to  materials  with  no 
multi-functional  cross-linker  and  with  no 
reinforcing  filler.  The  multi-functional  cross¬ 
linker  was  the  key  to  achieving  the  quick  cure 
needed  during  torching,  yet  was  a  liability  to 
having  long  shelf  life. 
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FIGURE  7 

Formula  Variation  of  Original  Formulation 


A 

B 

C 

o 

Acrylate 

Esters 

84 

84 

84 

84 

Acidic  Monomer 

16 

16 

16 

16 

MFX 

Reinforcing 

3.5 

-- 

3.5 

— 

Filler 

Original 

6.5 

Results 

6.5 

(no  aging) 

4.9 

30.0 

34.1 

26.8 

5  days  at  155°F 

2.6 

34.9 

3.3 

18.6 

10  days  at  155°F 

2.3 

30.7 

2.9 

16.2 

It  also  was  evident  from  the  results  of  formula  D 
that  the  reinforcing  filler  was  having  a  slight 
curing  effect  on  the  adhesive.  Neither  formula  B 
nor  formula  0  were  effective  as  tapes  for  holding 
a  heat  shrinkable  sleeve  together  during 
torching.  Simply  scaling  down  the  amount  of  MFX 
(the  multi-functional  thermal  crosslinking  agent) 
used  in  the  formula  was  tried  but  did  not  give 
the  long  term  results  that  were  needed. 
Fortunately  at  this  same  time  research  on  several 
new  crosslinkers  was  going  on.  Figure  8  shows 
three  formulations  typical  of  the  experimental 
materials  tried  with  the  new  cross-linker,  EXP-A 
which  uses  a  different  reaction  intermediate  than 
the  MFX. 

FIGURE  8 

Effect  of  Varying  Crosslinking  Material 
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90 

90 

90 

Acidic  Monomer 

10 

10 

10 

MFX 

2.2 

— 

0.5 

Reinforcing 
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4 

4 

4 

EXP-A 

-- 

0.1 

0.1 

Swel 1  Index  Q 


E  F  G 


Not  Aged 

Dissol ves 

13.0 

8.0 

Cured  at  350°F 

4.2 

12.8 

6.2 

Formulas  E  and  G  were  both  initially  effective  in 
holding  the  wraparound  sleeve  during  torching. 
Formula  F,  with  no  MFX  did  not  seem  to  cure  fast 
enough  to  withstand  the  heat.  All  these  formulas 
were  aged  at  150°F  and  tested  for  gel  swell  ( Q ) 


and  were  also  tested  on  actual  sleeves  after  the 
150°F  aging.  This  data  is  presented  in  Figure  9, 

FIGURE  9 
Q  Values 

Days  Aged 


at  150°F 

0 

E  F 

Dissolves  13.1 

G 

8.0 

A 

4.9 

5 

3.8 

11.9 

5.3 

2.6 

10 

3.3 

12.2 

5.5 

2.3 

17 

3.1 

11.6 

5.4 

2.2 

35 

2.9 

12.5 

5.6 

2.2 

Functional  Sleeve  Evaluation 

Days  at 
150°F 

1 

E 

Holds 

F 

Fails 

G 

Hoi  ds 

A 

Holds 

5 

Holds 

Fai  1  s 

Hoi  ds 

Fail  s 

10 

Hoi  ds 

Fails 

Hoi  ds 

Fail  s 

35 

Fail  s 

Fails 

Holds 

Fails 

along  with  data  from 
only  formula  G  lasts 

the  original  tape, 
the  full  35  days  of 

Note  that 
aging  at 

150°F  in  functional  sleeve  testing.  Note  also 
that  the  Q  index  for  formula  G  drops  to  an 
intermediate  level  after  one  day  of  aging  and  then 
stays  very  steady.  This  is  shown  graphically  in 
Figure  10. 


Fig  10  Swelling  results  for  various  formulations 

Although  this  has  been  recounted  and  abbreviated 
in  a  few  paragraphs,  in  fact  the  search  for  the 
right  combination  of  cross-linkers  took  many 
months,  with  many  materials  being  evaluated  and 
abandoned.  The  results  were  well  worth  it.  The 
finalized  tape  has  an  indefinite  shelf  life  at 
ambient  temperatures,  good  aggressive  tack  over  a 
wide  temperature  range,  is  repositionable,  and 
performs  exceptionally  well  under  torching 
conditions. 
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These  backings  may  be  reinforced  at  particular 
areas  of  the  sleeve,  for  instance  where  a  valve 
needs  to  be  inserted.  This  is  possible  because  of 
the  adhesion  promoter  which  acts  in  concert  with 
the  pressure  sensitive  closure  tape.  To  reinforce 
around  a  valve,  a  hole  is  cut  into  a  separate 
piece  of  the  closure  tape,  which  is  then  bonded  to 
the  backing  around  the  valve.  See  Figure  11. 

This  feature  allows  new  uses  for  the  backing  which 
may  not  be  possible  with  other  types  of  heat 
recoverable  materials. 


Fig  11  Installation  of  a  valve  throuQb  a  wraparound  sleeve 


Optimizing  the  Polyethylene  Backing 
The  manner  of  fabricating  the  polyethylene 
backing,  particularly  the  stretching  step,  had  a 
large  effect  on  the  success  of  the  tape  bond. 

Very  large  stresses  could  be  induced  by  not 
controlling  the  maximum  force  created  during  the 
shrinking  process  itself.  On  the  other  hand,  some 
minimum  internal  forces  were  necessary  in  order  to 
get  a  material  that  shrank  efficiently.  The 
"shrink  force"  for  a  stretched  material  is  shown 
in  Figure  12  and  is  typically  measured  on  a 
tensiometer  such  as  an  Instron  by  grasping  both 
ends  of  a  strip  of  stretched  backing  in  the 
machines  fixed  jaws  at  a  temperature  above  the 
softening  point  of  the  backing.  The  forces  build 
to  a  maximum  as  the  material  is  quickly  heated 
past  its  softening  point,  then  tail  off  as  stress 
relaxation  occurs.  Obviously  the  higher  this 
maximum,  the  more  stresses  imposed  on  the  adhesive 
bond  during  sleeve  installation. 


Several  factors  can  influence  the  amount  of  shrink 
force  in  the  stretched  sheet.  For  any  given 
compound  formulation,  the  temperature  of 


stretching,  annealing  temperature,  speed  of 
stretching,  amount  of  crosslinking,  and  backing 
thickness  all  play  a  part.  One  of  the  fundamental 
questions  in  the  development  of  the  polyethylene 
backing  was  how  much  to  crosslink  it.  Up  to  a 
point,  the  more  crosslinked  a  backing  is,  the 
tougher  it  becomes  but  at  the  same  time  the  shrink 
forces  get  very  high.  Some  minimal  crosslinking 
is  needed  to  enable  the  material  to  hold  together 
during  stretching  and  installation  without  melting 
or  tearing.  The  optimum  crosslinking  level  must 
be  chosen  to  balance  toughness  against  shrink 
force. 

In  investigating  this  a  slightly  different  test 
method  was  used  that  increased  our  understanding 
of  the  process  and  pointed  to  some  improvements 
that  could  be  made  in  this  type  of  product.  For 
simplification  we  will  consider  two  levels  of 
crosslinking,  a  medium  amount  and  a  high  amount  of 
crosslinking  as  measured  by  the  hot  modulus  of  the 
material.  Using  the  new  test  method,  instead  of 
starting  the  force  measurements  at  high 
temperatures,  the  material  was  placed  cold  into 
the  test  jaws  and  the  temperature  of  the  test  oven 
gradually  increased  to  300°F,  then  allowed  to 
cool .  The  graphs  of  the  forces  generated  are 
shown  in  Figures  13  and  14  for  the  two  levels  of 
crosslinking.  Some  of  the  points  to  note  on  the 
curves  are: 

1.  There  is  a  well  defined  softening  point  for 
each  material  (the  peak  of  the  curve). 

2.  The  softening  point  of  the  high  modulus 
material  is  slightly  elevated. 

3.  Higher  overall  stresses  or  shrink  forces  are 
generated  with  the  high  modulus  material. 

4.  Stress  relief  occurs  with  the  medium  modulus 
material  above  the  softening  point,  but  not 
with  the  high  modulus  material.  This  is  shown 
by  the  shape  of  the  curve  past  the  softening 
point.  The  forces  in  the  high  modulus 
material  stay  essentially  constant  above  the 
softening  point,  while  the  medium  modulus 
material  resolves  the  stresses  as  shown  by  the 
falling  force  curve. 


Fig  13  Typical  force  curve  generated  for  a  medium 

modulus  material  as  temperature  is  increased  to 
300° F,  then  allowed  to  cool 
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Fig.  14  Typical  force  curve  generated  for  a  high 

modulus  material  as  temperature  is  increased  to 
340° F.  then  allowed  to  cool. 

To  maintain  the  lowest  stresses  on  the  PSA  bond 
the  medium  modulus  materials  were  investigated 
because  they  generated  lower  stresses. 

Fortuitously  they  were  also  far  superior  in  a 
property  known  as  notch  tear  resistance  -  that  is, 
the  ability  to  resist  propagating  a  tear  during 
shrinking.  This  is  measured  by  conducting  a  test 
similar  to  the  shrink  force  test,  but  with  a 
notched  test  specimen.  This  is  an  extremely 
important  property  during  the  installation  of  a 
sleeve,  when  improper  trimming  by  the  craftsmen, 
or  accidentally  hitting  the  hot  backing  with  a 
torch  head,  or  a  protruding  edge  from  a  splice 
bundle,  may  cause  tearing  of  the  backing  and  an 
unsuccessful  installation.  When  a  notch  is 
deliberately  put  into  the  high  modulus  material 
immediate  failure  results,  whereas  survival  of  the 
medium  modulus  materials  can  be  anywhere  from 
thirty  seconds  to  "infinity"  (no  failure) 
depending  on  the  type  of  notch  and  other 
properties  of  the  backing.  This  is  possible 
because  of  the  stress  relaxation  that  occurs  and 
that  is  illustrated  in  Figure  13.  It  was  also 
discovered  that  the  optimum  stretching  temperature 
occurs  very  near  the  peak  of  the  graphs, 
especially  for  the  medium  modulus  materials. 
Stretching  below  this  point  introduces  "cold 
stretch"  forces  that  are  quite  high  and 
detrimental  to  the  pressure  sensitive  tape  closure 
bond.  Stretching  at  temperatures  much  above  this 
point  allows  stress  relaxation  mechanisms  to  occur 
in  the  material,  with  loss  of  ability  to  fully 
recover  to  the  original  dimensions. 

The  final  backing  represents  an  optimized  blend  of 
properties.  It  puts  minimal  stress  on  the  PSA 
bond  during  shrinking,  yet  is  tough,  resistant  to 
heat  and  chemicals,  and  does  what  it  is  designed 
to  do  -  be  a  satisfactory  replacement  for  the 
cable  sheath. 


Typical  Data  for  Maqnashrink™  Heat 
Recoverable  Backings 

The  following  is  a  compilation  of  typical 
performance  data  for  the  heat  recoverable 
material . 


Test 

Tensile 

(ultimate) 

Reference 

ASTM  D412 

1  >l_ue 

3100  psi 

Elongation 

(ultimate) 

ASTM  0412 

600% 

Low  Temp. 
Flex 

ASTM  C509 

Below 

-40°F 

Heat 

Resistance 

Bell  Labs 
KS-21766  (4 
hrs.  @  150°C 

No  dripping 
flowing, 
or  cracking 

Heat 

Resistance 

ASTM  D2671 
(168  hr. 
at  150°C) 

3100  psi 

600% 

Water 

Absorption 

ASTM  D570 

0.015% 

Vc ' ume 
Resistivity 

ASTM  0257 

1017  ohm/cm 

Dielectric 

Strength 

ASTM  D2671 

905  kv/cm 

Corrosion 

ASTM  D2671 

Non-corrosive 

Testing 

Stress 

Cracking 

ASTM  D1693 

No  cracking 

Chemical  Resistance 

The  MagnashrinkTM  HR  Sleeve  was  evaluated  for 
chemical  resistance  per  the  criteria  below  with 
the  following  results: 

A.  Chemical  Resistance 

Tensile  bar  samples  were  aged  for  24  hours  at 
100°F  in  the  environment  indicated  below  and  then 
tested  for  their  physical  properties  in  accordance 
with  ASTM  D-412. 

Chemical  Environments 
3%  H2S04  (Sulfuric  Acid) 

0.2N  NaOH  (Sodium  Hydroxide) 

10%  Igepal  CO-630 
Gasoline  (Room  Temperature) 
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Chemical  Resistance  Test  Results 


Magnashrink™  Percent 


Envi ronment 

Parameter 

Backi nq 

Chanqe 

Initial 

Tensi 1 e 

2936  lbs. 

Elongation 

609% 

Hardness 

56* 

3%  H2SO4 

Tensi 1 e 

3014  lbs. 

2.7 

Elongation 

617% 

1.3 

Hardness 

55.5 

-0.89 

Weight  Change 

0.028 

. 2N  NaOH 

Tensi 1 e 

3046  lbs. 

3.7 

Elongation 

616% 

1.1 

Hardness 

55.3 

-1.2 

Weight  Change 

0.042 

10%  IGEPAL 

Tensi  1  e 

3204  lbs. 

9.1 

CO-630 

Elongation 

629% 

3.3 

Hardness 

55 

-1.8 

Weight  Change 

0.008 

Gasol i ne 

Tensi  1  e 

2814  lbs. 

-4.2 

( Room  Temp . ) 

Elongation 

647% 

6.2 

Hardness 

55 

-1.8 

Weight  Change 

5.2 

Note:  Values  in  table  are  based  on  the  average 
of  3  samples. 

*Shore  D 


Conclusion 

All  components  of  the  wraparound  sleeve  must 
complement  each  other.  The  pressure  sensitive 
closure  strip  and  adhesion  promoting  layer  must 
bond  properly  under  highly  varying  environmental 
conditions  and  must  not  release  at  high 
temperatures.  The  backing  must  be  formulated  and 
processed  to  put  minimal  stress  on  the  adhesive 
closure  bond  during  application.  This  system  has 
demonstrated  a  useful  blend  of  properties  with 
each  component  optimized  to  gain  the  best  overall 
properties. 
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i  )  For  Straight  Jointing  (Type  S,  L) 


Type 

L  (mm) 

Weight  (Kg) 

S 

590 

53 

L 

690 

7.0 

8 

690 

9.5 

Fig.1  Structure,  Dimensions  and  Weight 


Table  1  Aplicable  Cable 


Number  of  fibers 
to  be  enclosed 

Cable  outside 

Number  of  cables 
to  be  entered 
(each  side) 

Type 

single¬ 

fiber 

Multi¬ 

fiber 

diameter  (mm) 

S 

30 

— 

1 

L 

60 

120 

Max.  25 

B 

100 

160 

2 

t  ••  V;  5  .•  r:r:  i 


Fig. 2  Shape  of  Sleeve  End 
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Temparature  CC) 
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i  )  For  Single-Fiber  (1  or  2  Fiber/sheet) 


ii )  For  Multi-Fiber  (5  Fibers/case) 

Fig.  5  Fiber  Enclosing  Method 


Table  2  Airtight  test  results 


Item 

Test  conditions 

n 

Results 

Room 

temperature 

•  gas  I.Ohgt/cm1  filled 

•  After  30days 

100 

No  gas 
leakage 

Temperature 

cycling 

•  gas  1.0kgf/cm:  filled 

•  2 cycles/ day,  tOOcycles 

ditto 

(1  CTC  to  +80'C 

20 

.2-20‘C  to  +  60  C 

20 

Cable  bending 

•  gas  l.0kgf/cm7  filled 

•  Bending  radius  =  6D 

(D=Cable  diameter) 

■  10  reciprocal  bend 

4 

ditto 

Vibration 

•  gas  1.0kgf/cm7  tilled 

•  10Hz 

•  Support  pitch  :  50  cm 

•  Single  amplitude  :  5mm 
-  One  million  cycles 

4 

ditto 

Hydraulic 

•  72hr 

No  water 

ingress 

1  •  gas  1.0kgf/cm?  filled 
•  30m-water  head 

5 

2  20m-water  head 

4 

Crush 

■  gas  1.Dkgf/cm?  filled 
•  300kgf 

(load  speed  10mm/ min) 

5 

No  gas 
leakage 

Impact 

•  gas  1.0kgf/cm7  filled 
•Temperature  — 20'C  (Ihr 

•  A  1  Okgf  weight 

•  height  of  lm 

5 

ditto 

Tensile 

•  gas  1  Okgf/cm7  filled 

ditto 

l  Cable  sheath 

•  more  than  70%  of  cable 
sheath  strength 

.0 

2  more  than  50kgf 

10 

Static  load 

•  gas  1.0kgf/cm7  filled 

•  A  50kgf  weight 

•  outdoor  6  months 

2 

ditto 

Table  3  Loss  increase  test  results 


Item 

Test  conditions 

Results 

Accomodation  of 

Loss  increase  by  accomodation  of  excess 

Below 

excess  length 

length  of  fiber  in  the  closure 

0.02  dB 

Temperature 

•  -20’C  to  +60  C 

eyeing 

*  2  cycles/day.  100  cycles 

•  State  of  accomodation 

ditto 

_  . 

Vibration 

•  10Hz 

•  Support  pitch  :  50  cm 

•  Single  amplitude  :  5mm 

•  One  million  cycles 

•  State  of  accomodation 

ditto 
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Table  4  Environment  test  results  (rubber) 


Item 

Environment 

Elongation 
(Residual  rate) 

conditions 

Initial 

After 

stage 

test 

Weather-O-merer 

•  1  cycle 

(JIS-0-0202) 

/shower  12  min 

/sunshine  60 min 

100 

100 

•  2000hr 

Resistance  of 

•  4weeks 

plastics  to 

C  Hz0 

100 

100 

Chemical  Substances 

2  10%  H2S0» 

100 

90 

(1IS-K-7 114) 

3  10%  Hcl 

100 

90 

4  10%  NaOH 

100 

96 

Thermal  ageing 

•  80"C 

100 

91 

properties 
(IIS-K-6301 ) 

•  4weeks 

Table  5  Environment  test  results  (plastic) 


Item 

. 

Environment 

Bending  Strength 
(Residual  rate) 

conditions 

Initial 

After 

stage 

test 

Weather-O-meter 

•  1  cycle 

(JIS-D-Q202) 

/  shpwer  1 2  min 
■sunshine  60 min 

•  2000  hr 

100 

93 

Resistance  of 

■  4  weeks 

plastics  to 

1  H20 

100 

98 

Chemical  Substances 

'2!  10%  H;S0, 

100 

85 

(IIS-K-71 14) 

3  10%  Hcl 

100 

83 

4  10%  NaOH 

100 

80 

Thermal  ageing 

•  80’C 

100 

95 

properties 
(IIS-K-71 14) 

•  4  weeks 
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A  NEW  UNIVERSAL  SPLICE  CLOSURE  SYSTEM 


D.  Kunze,  J.  Rost,  E.  Bachel  -  Siemens  AC 
G.  Boscher  -  RXS  L.  Mendat  -  AMP 


RXS  Schrumpf technik 
D-5800  Hagen  1 
West  Germany 


ABSTRACT 

This  paper  details  a  new  splice  closure  system 
developed  for  use  in  pressur ized/nonpressurized 
buried,  aerial,  and  underground  telecommunication 
environments.  This  closure  system  was  designed  to 
specific  requirements  to  achieve  desired  perfor¬ 
mance  in  a  wide  variety  of  applications. 

Installation  of  this  system  requires  no  external 
power  source  and  minimal  tooling.  Ease  of 
installation  and  reduction  of  parts  are  addressed. 

A  permanent  reusable  sealing  system  greatly 
reduces  reentry  cost,  and  the  cable  strain  relief 
system  has  been  integrated  into  the  end  cap 
closing  system.  The  complete  product  family 
provides  closures  of  different  lengths  and  diam¬ 
eters  to  meet  industry  requirements  for  cable 
entry,  as  well  as  splice  capacity.  Laboratory 
testing  simulating  outside  plant  environments  has 
been  performed  to  determine  the  long-term 
reliability  of  the  product. 

INTRODUCTION 

The  introduction  of  plastic  sheathed  telecommu¬ 
nications  cables  provided  a  requirement  for  new 
closures  to  replace  the  lead-sleeve  type  closures 
which  had  been  in  application  for  many  years. 
Worldwide  many  products  were  developed  which 
utilized  installation  techniques  such  as  welding, 
bonding,  and  the  injection  of  thermal  plastics. 

At  present,  heat  shrinkable  and  mechanically 
sealed  closures  are  most  prevalent  in  the  industry. 

When  compared  with  other  techniques,  mechanically 
sealed  closures  show  advantages,  as  they  can  be 
installed  without  an  outside  power  source  and  are 
reusable.  Mechanical  closures  do,  however, 
present  design  challenges.  Development  of  a  relia¬ 
ble  sealing  system  of  plastics  or  elastomers,  as 
well  as  a  strain  relief  system  which  is  effective 
and  easily  installed,  are  of  great  concern,  since 
they  are  fundamental  to  the  overall  performance  of 
the  product.  The  use  of  high  viscosity  plastic 
sealing  materials  would  provide  an  advantage,  as 
they  tend  to  compensate  for  rough  surfaces  or 
molding  deviations  in  the  critical  sealing  areas. 
Conversely,  elastomeric  materials  are  reusable, 
which  reduces  user  costs  and  speeds  the  reentry 
process . 


Mechanically  sealed  closures  must  have  a  well- 
designed  strain  relief  system.  In  heat  shrinkable 
and  cast  resin  closures,  the  strain  relief  is 
inherent  to  the  system.  The  strain  relief  system 
for  mechanically  sealed  closures  usually  involves 
several  installation  steps,  as  well  as  components 
specifically  designed  for  this  purpose.  These 
extra  components  and  installation  steps  must  be 
considered  a  disadvantage,  since  misinstallation 
or  omission  can  significantly  reduce  the  life  of 
the  installed  closure. 

REQUIREMENTS  FOR  A  UNIVERSAL  CLOSURE 

A.  Closures  must  be  easy  to  install. 

1.  Installation  must  be  safe  and  economical. 

2.  No  special  tools  required  for  reentry 

3.  Reusable  sealing  materials 

B.  Closures  must  be  suitable  for  various 
applications . 

1.  Installed  on  cut  or  uncut  cable 

2.  Straight  and  branch  splices 

3.  Suitable  for  direct  buried,  aerial,  and 
underground  installations 

4.  Used  on  various  cable  types 

C.  Closures  must  be  pressuret ight . 

D.  Closures  must  be  economical  to  use. 

The  demand  for  easy  reentry  of  the  closure  leads 
to  the  design  principle  that  the  sealing  of  the 
cable  entrance  is  performed  by  plastic  end  caps. 
The  splice  is  sealed  by  a  longitudinally  split 
plastic  tube. 

Presently,  there  are  two  versions  of  end  caps. 
These  are  end  caps  with  precut  cable  inlets  and 
uncut  end  caps  which  are  prepared  on  site 
according  to  the  cable  configuration. 

Years  of  field  experience  worldwide  has  shown 
that  on-site  end  cap  preparation  is  an  advantage, 
as  only  one  end  cap  is  required  for  a  wide  variety 
of  applications.  It  is  of  no  consequence  whether 
one,  several,  or  no  cables  are  introduced  to  the 
closure.  The  need  for  washers  or  enlarging  the 
cable  with  various  thicknesses  of  sealing  tape  is 
eliminated.  On-site  cutting  provides  the  flexi¬ 
bility  of  installing  cables  per  the  particular 
application.  Only  this  principle  completely  meets 
the  demands  of  universal  application.  Therefore, 
one  of  the  prerequisites  in  the  development  of  a 
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new  closure  is  that  the  drilled  cable  inlets  in 
which  the  cables,  which  are  never  completely 
smooth  or  circular,  are  best  sealed  with  an 
adhesive  durable  plastic  sealing  compound. 
Installation  on  uncut  cables  requires  that  end 
caps  be  of  a  two-piece  design.  These  end  caps 
are  secured  with  connecting  bars. 

The  longitudinally  slit  plastic  tube  provides  easy 
installation  and  reentry  of  the  closure.  Compared 
with  two-piece  covers,  this  method  is  of  advantage 
since  there  is  only  one  longitudinal  seal  which 
can  always  be  brought  to  the  most  favorable 
position  of  installation.  Tapered  clamping  bars 
have  proven  effective  in  securing  the  cover. 

Great  importance  was  placed  in  the  fact  that  no 
special  tools  should  be  required  for  installation 
or  removal  of  the  clamping  bars.  To  aid  in  this 
process,  a  reusable  elastomer  is  used  to  seal  the 
plastic  tube. 

Criteria  for  the  selection  of  the  closure  material 
are  corrosion  resistance,  durability,  elasticity, 
low  temperature  crack  resistance,  and  compatibil¬ 
ity  with  cable  materials,  as  well  as  low  permea- 
t  ion . 

The  shield  connect  ion  is  accomplished  via  industry 
standard  bonding  clips.  Sheath  continuity  is 
established  with  a  provided  grounding  wire. 

STRAIN  RELIEF  SYSTEM 

The  strain  relief  system  serves  to  relieve 
external  pull,  pushing,  and  torsion  forces  from 
affecting  the  performance  of  the  cable  seal  and 
the  splice  inside  the  closure.  This  is  usually 
accomplished  by  installing  jagged  metal  parts 
which  grip  the  cable  sheath  and  are  secured  with 
screws  or  hose  clamps.  These  supports  must  be 
installed  carefully.  This  procedure  is  especially 
difficult  when  simultaneously  introducing  multiple 
cables  of  varying  diameters.  The  splice  capacity 
is  also  reduced. 

The  New  Universal  Closure  provides  flexible  strain 
relief  disks  which  are  incorporated  into  each  end 
cap  half  as  shown  in  Figure  1.  Since  the  new  end 
cap  design  contains  the  strain  relief  system 
mechanism,  custom  fitting  occurs  during  the  cable 
entry  cutting  procedure.  During  the  installation 
of  the  end  caps  the  strain  relief  disks  are 
automat ical ly  pressed  on  the  cables  irrespective 
of  the  number  or  size  of  cable  installed.  As 
these  disks  grip  the  cable,  this  compression 
reduces  the  cavities  in  the  cable,  as  well  as  the 
overall  cable  diameter  providing  the  necessary 
strain  relief.  The  increase  in  pneumatic  resis¬ 
tance  resulting  from  this  compression  is  negli¬ 
gible.  This  system  is  suitable  for  use  on  copper 
cables,  as  well  as  optical  waveguides.  Measure¬ 
ments  show  no  decrease  in  insulation  resistance 
nor  increase  in  attenuation. 


END  CAP 

TENSION  DISK 

PLANE  OF 
CABLE  ENTRANCE 


END  CAP  AND 
TENSION  DISK 
SIMULTANEOUSLY 
DRILLED 


CABLE  INSERTED 


TENSION  DISKS 
PRESSED  DOWN 

CABLE  DEFORMED 


FIGURE  1 _ STRAIN  RELIEF  SYSTEM 
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END  CAPS 


The  two-piece  end  caps  consist  of  waffles  to  se  1 
the  cable  entry  ports,  the  strain  relief  disks, 
and  the  closing  system.  (See  Figure  2.)  Each  end 
cap  section  contains  one  half  of  the  closing 
system.  After  cutting  the  cable  entry  ports, 
applying  the  thermal  plastic  sealing  tape,  and 
installing  the  cables,  the  two  halves  are  bolted 
together.  During  this  process  the  strain  relief 
system  is  automatically  pushed  into  place  via  the 
metal  frame,  reducing  the  possibility  of  instal¬ 
lation  error.  Removal  is  easily  accomplished 
by  removing  and  placing  the  closing  screws  in 
the  ports  designed  for  end  cap  removal. 

METAL  FRAME 


UPPER  END  PLATE  HALF 
BEFORE  INSTALLATION 


SPLICE 


FORCE  TO  CLOSE 
TUBE 


INCORRECT 


FIGURE  3  CLOSURE  TUBE 


FIGURE  2  END  CAP 


CLOSURE  TUBE 

The  plastic  tube  must  be  thin,  light,  and  inexpen¬ 
sive  to  manufacture.  It  must  also  be  capable  of 
withstanding  long-term  internal  pressure,  as  well 
as  external  forces  such  as  waterhead.  Minimal 
effort  should  be  required  to  install  the  tube  and 
assure  sufficient  compression  of  the  elastic 
seals.  Optimal  design,  wall  thickness,  and  rein¬ 
forcement  of  the  tube  were  ascertained  by  testing 
and  computation. 


SEALING 

The  most  difficult  problem  to  overcome  is  the 
design  of  a  sealing  system,  which  is  further 
complicated  as  the  system  must  be  applicable  to 
both  cut  and  uncut  cable  installations.  It  is  of 
no  consequence  what  principle  of  construction  is 
chosen.  There  are  always  areas  in  which  three 
components  meet  at  one  point  or  in  one  line.,e.g. 
the  closure  tube,  round  seal,  and  longitudinal 
seal.  Subsequently,  manufacturing  tolerances, 
thermal  expansion,  relaxation  of  the  materials, 
smoothness  of  the  molded  parts,  and  compressi¬ 
bility  of  the  sealing  material  are  important 
design  issues. 
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FIGURE  5  SPECIFICATION  TESTS  FOR  UCN 


TEST 

CONDITIONS 

TESTED  UP  TO 

FLASH  TEST 

1. 1  Bar,  25°C/1  Hour 

16  Hours 

STATIC  PRESSURE 

1  Bar,  25°C/24  Hours 

48  Hours 

WATERHEAD 

5  Meters,  26°C/20  Days 

20  Days 

STATIC  LOAD 

1000N,  5cm2,  1  Bar,  25°C/10  Minutes 

1  Hour 

BENDING 

+30°,  1  bar,  25°C/10  Minutes 

1  Hour 

VIBRATION 

5. . .12  Hz,  +10mm  .  .  . 

12.. . 500  HzT  5g  1  10ct/mln>  1  Bar/2  Hours 

2  Hours 

TENSILE  STRENGTH 

1000  N,  I  Bar/15  Minutes 

15  Minutes 

IMPACT 

14  Nm,  -20/+40°C,  .7  Bar,  2  Times 

-40/+40°C  2  Times 

STRESS  CRACK 

Surface  active  liquid  50°C,  Concentration  107»,  7  Days 

TEMP.  CYCLING 

-40/+60°C,  8  Hours,  .7  Bar,  30  Cycles 

50  Cycles 

RE-ENTERING 

Open  and  Close,  25°C,  3  Times 

5  Times 

TORSION 

+90°,  max.  50  Nm,  5  Minutes/2  Cycles 

5  Cycles 
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SUMMARY 


The  sealing  system  must  be  elastic,  as  well  as 
compressible.  Excellent  results  have  been 
obtained  utilizing  expanded  elastomers.  Upon 
completion  of  the  seal,  high  cellular  pressure  is 
realized.  Due  to  permeation  this  pressure  has  a 
tendancy  to  decrease  under  long-term  loads. 

However,  under  the  given  circumstances  cellular 
overpressure  corresponds  to  the  internal  over¬ 
pressure  of  the  installed  closure,  producing 
almost  balanced  conditions  from  the  beginning  of 
the  load. 

CLOSING  SYSTEM 

Time  proven  tapered  clamping  bars  are  utilized  to 
keep  each  tube  seal  pressed  together  on  the 
installed  closure.  The  use  of  plastic  clamping 
bars  eliminates  external  nuts  and  bolts  and 
associated  torquing,  as  well  as  corrosion  concerns. 
The  const ruct iona 1  design  and  the  elastic  seal 
make  it  possible  to  install  or  remove  the  plastic 
clamping  bars  with  a  few  strokes  of  a  hammer. 

INSTALLATION  PROCEDURE 

Installation  steps  are  as  follows: 

A.  Measure  the  cables  with  the  provided  measuring 
tape  and  cut  end  caps  according  to  these 
measurements . 

B.  Clean  and  apply  sealing  paste  and  tape  to 
each  cable. 

C.  Apply  one  layer  of  sealing  tape  to  each  lower 
end  cap  segment. 

D.  Install  each  end  cap  over  the  tape  wrap, 
alternately  tightening  the  bolts. 

E.  Install  connecting  bars  and  internal  and 
external  grounding  hardware. 

F.  Install  and  apply  lubricant  to  all  sealing 
materials. 

G.  Center  the  tube  over  the  end  caps  and  install 
the  clamping  bars. 

CLOSURE  CAPACITIES 


Figure  4  outlines  the  closure  family  with  regard 
to  usable  internal  dimensions  and  approximate 
splice  capacities. 


INTERNAL 

SHEATH 

PAIR 

UCN 

DIAMETER( inches ) 

OPENING ( inches ) 

CAPACITY 

6-10 

6 

10 

50-400 

6-20 

6 

20 

50-900 

8-20 

8 

20 

600-1100 

8-24 

8 

24 

1 100-1500 

8-30 

8 

30 

1100-1800 

10-20 

10 

20 

1500-2400 

10-30 

10 

30 

2100-3600 

o 

vt 

1 

o 

10 

40 

2700-4200 

FIGURE  4 


A  new  closure  system  has  been  developed  for  use 
in  the  outside  plant  telecommunications  industry. 
This  system  features  permanent  reusable  sealing 
materials,  integrated  strain  relief,  and  an  all 
plastic  exterior  to  eliminate  corrosion  concerns. 
User  friendliness  was  a  key  issue  in  the  develop¬ 
ment  effort.  This  product  has  been  and  continues 
to  be  tested  to  industry  standards.  At  present 
this  new  UCN  closure  system  is  in  the  field 
evaluation  stage  at  various  operating  telephone 
companies . 
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VOLTAGE  GRADIENT  CONSIDERATIONS  IN  COMMUNICATION  CABLES 
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l.  INTRODUCTION 

l  lii'  i  wo  I wire  configurat  ions  used  in 
eommuniealion  rabies  arc  I  lie  coaxial  ami  ilio 
twist  ini  pair.  Those  configurations  are 
designed  to  carry  analog  ami  digital  informa¬ 
tion  generated  front  telephone,  computer  and 
control  signals  that  are  generally  low  level 
signals  (i.o.  less  than  100  volts).  Transient 
conditions  on  the  lines  may  raise  the  voltage 
level  by  a  factor  of  two  but  the  signals  would 
still  be  considered  low  level.  In  order  to 
insure  that  manufactured  cables  are  capable 
of  carrying  these  signals,  the  manufacturers 
use  test  methods  that  exercise  these  cables 
far  above  the  expected  voltage  levels. 

The  lest  method  used  to  test  the  wires  are: 

•  spark  testing  which  places  a  coaxial 
field  around  both  single  and  twisted 
pair  wire  during  manufacturing  to 
check  the  integrity  of  (lie  wire,  and 


•  dielectric  withstand  testing  is  used  on 
the  pair  configuration  after  the  wire 
has  been  placed  into  a  cable  structure. 

The  selection  of  the  voltage  level'  tt'cd  in 
these  tests  is  critical  since  these  tests  are 
suspected  of  causing  testing  induced  flaws. 
Thi'  selection  process  should  consider  the  vol¬ 
tage  gradient  imposed  on  the  wires  and 
cables  to  insure  that  the  levels  that  are 
selected  will: 

•  be  sufficiently  high  to  detect  the  flaws 
expected,  and 

•  be  sufficiently  low  to  insure  that  the 
tests  do  not  induce  flaws  in  the  iiistila- 
t  ion. 

This  paper  addresses  the  search  for  proper 
levels  of  test  voltage  considering  both  single 
and  dual  insulation  arrangements.  Kurt  Iter- 
more.  the  issue  of  testing  induced  flaws  j* 
in  vest  igated  experiment. -illy. 

2.  DISCUSSION 

The  two  configurations  of  primary  interest  to 
manufacturers  and  users  of  cables  are  the 
coax,  and  paired  configurations.  Coaxial  vol¬ 
tage  distribution  is  found  when  testing  coax¬ 
ial  cables  and  when  performing  spark  testing 
on  insulated  wires.  Il  also  shows  up  in  some 
paired  configuration  tests.  These  configura¬ 
tions  have  been  studied  by  many  authors. 

2.1  COAXIAL 

The  equations  for  the  voltage  distribution  (\  ) 
and  voltage  gradient  (g)  are: 

•  for  a  single  insula! ion: 
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III'  there  is  only  one  insulation  involved 
between  the  inner  and  outer  eondnetor.  the 
voltage  distribution  and  lu'itee  the  voltage 
gradient  is  inde|>elident  of  the  insulation. 
However,  if  there  is  more  than  one  insulation 
involved,  then  the  voltage  distribution  and 
the  voltage  gradient  will  be  functions  ol  the 
position  of  the  insulations. 

Figure  I  is  a  plot  ol  the  coaxial  liold  between 
the  inner  conductor  at  a  voltage  level  ol  \o 
volts  and  the  outer  conductor  at  a  voltage  ol' 
zero  volts  with  a  single  insulation  between 
the  two  conductors.  Figure  '1  is  a  similar  plot 
of  the  coaxial  field  with  two  insulation  where 
the  dielectric  constant  of  the  outer  insulation 
is  greater  I  han  t  he  second  or  inner  insula!  ion. 


I  j  (ttfhiW  \ 

i 

Figure  Id 


F"  i  g  jre  1  c 


Voltage  Gradient 
Figure  1  e 


Volt  age  D i s ;r i but i on 
“'ig^re  2  c 


Voltage  Gradient 
■"igure  2  c 
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F i gure  3b 


Vo  1 tage  Grad i ent 
Figure  3c 

Figure  .'5  is  a  plot  of  the  coaxial  field  between 
the  inner  conductor  and  the  outer  conductor 
with  two  insulations  where  the  dielectric  con¬ 
stant  of  the1  inner  insulation  is  greater  than 
that  of  the  outer  insulation.  I'.ach  of  these 
figures  has  three'  parts  which  show: 

•  a  partial  end  view  of  the  two  conduc¬ 
tors. 

•  a  plot  of  the  voltage  distribution 
between  the  two  conductors,  and 

•  a  plot  of  the  gradient  of  the  voltage 
dist  ribution. 

In  the  case  of  the  first  two  configurations  the 
gradient  of  the  voltage  is  a  maximum  at  the 
surface  of  the  inner  conductor  whereas  the 
third  example  had  two  peaks  in  the  gradient. 
This  last  example  is  an  example  of  a  graded 
insulation  used  in  power  cables.  Infor- 
lunatcly  the  first  two  examples  are  the  ones 
usually  used  in  communication  cables  since 
the  third  example  significantly  reduces  t  he 
maximum  gradient  for  a  given  voltage  level 
bet  ween  t  he  conductors. 

A  plot  of  the  maximum  gradient  (gradient  at 
the  inner  conductor)  for  various  conductor 
gauges  versus  the  total  insulation  thickness  is 


Figure  4 

presented  in  Figure  1.  It  should  be  noted 
that  the  gradient  varies  by  as  much  as  18rri 
over  gauge  size  at  a  given  insulation  thick¬ 
ness  and  as  much  as  160rr  over  the  insulation 
thickness  range  from  5  to  20  mils.  Thus 
there  is  an  obvious  problem  when  using  one 
voltage  level  to  test  all  products. 

2.2  PAIR 

Figure  !>  presents  a  plot  of  constant  voltage 
surfaces  and  the  field  lines  about  a  pair  of 
conductors  in  space.  This  is  the  classical 
textbook  presentation  where  the  entire  area 
outside  the  conductors  is  assumed  to  have 
one  uniform  dielectric.  The  shape  of  the  vol¬ 
tage  gradient  along  the  axis  of  the  centers  of 
the  pair  and  the  voltage  distribution  over  the 
center  line  of  the  pair  is  presented  in  Figure 
(i.  Peek  '  developed  the  equation  for  the 
gradient  (g)  between  the  conductors: 


En  v/.S  --  le  - 


( 

■2r)—  j-]ln 

^7+' 

2r 

“'I 

u  here: 

lCn  =  voltage  neutral 
S  =  the  distance  between 
centers  of  the.  conductors 
r  =  the  radius  of  the  wires 

What  would  happen  if  an  insulation  was 
placed  around  the  wires?  We  could  first 
develop  the  field  as  we  did  for  the  case  above 
and  then  assess  how  this  field  would  change 
at  the  insulating  medium/air  interface.  Since 
air  would  have  a  dielectric  constant  less  than 
any  solid  insulation  the  curves  of  constant 
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2.3  SHIELDED  PAIR 


FIGURE  5 


voltage  would  change  direction  at  the  inter¬ 
face  in  such  a  way  that  they  opened  up  (i.e. 
were  further  apart)  and  as  a  consequence  the 


VOLTAGE  FIND  GRADIENT  DISTRIBUTION 


FIGURE  E 

voltage  gradient  would  be  less  outside  the 
insulation. 

If  we  had  kept  the  voltage  constant  between 
the  two  conductors  then  the  voltage  distribu¬ 
tion  and  the  voltage  gradient  on  the  line  of 
centers  between  the  two  conductors  would  be 
similar  to  the  case  presented  in  Figure  (> 
above.  This  also  happens  to  be  the  area  of 
maximum  gradient . 

What  happens  when  this  pair  is  placed  in  a 
cable  with  other  pairs?  In  general  the  total 
field  will  be  changed.  However,  the  max¬ 
imum  gradient  will  still  occur  on  the  line 
between  the  centers  of  the  pairs  provided 
that  till  the  other  pairs  have  the  same  gauge 
and  insulation  thickness  of  the  pair  under 
si  udy. 


Figure  7  presents  a  model  of  a  shielded  pair. 
From  tills  representation  we  can  see  that  on 
the  line  between  the  two  conductors  the  field 
and  voltage  distribution  will  be  similar  to  the 
presentation  for  a  pair  in  space  whereas  the 
line  extending  from  the  conductor  to  the 
shield  will  be  similar  to  the  coaxial  system. 
All  flux  lines  will  either  terminate  on  the 
shield  or  the  conductors  or  emulate  from  the 
shield  or  the  conductors.  The  shield  will 
have  induced  on  it  the  current  or  charge  dis¬ 
tribution  sufficient  to  contain  the  field 
within  the  space  inside  the  shield.  The 
shield  being  a  conductor  will  become  a  eqtii- 
potential  surface  (neutral)  and  will  deform 
the  field  to  insure'  this  configuration. 


In  dielectric  withstand  testing  one  conductor 
is  shorted  to  the  shield  and  voltage  is  applied 
between  one  conductor  and  the  other 
conductor  and  shield.  The  voltage  on  the 
line  between  the  conductors  may  still  be  the 
same,  although  probably  not.  However,  the 
conductor  under  test  and  the  shield  will  have 
the  total  Impressed  voltage  between  them. 
This  will  apply  the  total  voltage  across  one 
thickness  of  insulation  and  will  significantly 
increase  the  gradient  imposed  on  that  insula¬ 
tion. 

3.  TESTING 

3.1  SPARK  TESTING 

In  tin'  rinnufaet  tiring  of  cable's  the  individual 
wires  are  usually  spark  tested  during  the 
insulating  process.  The  spark  test  applies  a 


708  International  Wire  &  Cable  Symposium  Proceedings  1987 


co:i\i:il  voltaic  (list  ribnt  ion  around  lli<'  insu¬ 
lated  wire.  This  is  used  lo  lest  the  integrity 
of  the  insulated  wire  and  to  insure  that  there 
are  no  uninsulated  sections  of  wire. 

The  desire  to  assign  one  voltage  value  for 
spark  testing  all  wire  configurations,  while 
commendable,  does  not  provide  a  fair  test.  If 
we  look  at  the  voltage  gradient  calculated 
front  the  equation  for  one  insulation  over  the 
insulation  range  of  ■">  mils  to  20  mils  using 
2)00  DC  volt s  we  obtain  till'  data  in  the  fol¬ 
lowing  t  able. 


AWG 

Thickness 

Gradient 

mils 

Volts/mil 

20 

•”> 

28  i 

20 

ID;} 

2(> 

•*) 

BT) 

20 

2-‘)0 

The  actual  detection  of  the  integrity  of  the 
wire  is  bast'd  upon  the  voltage  gradient 
applied.  W  hen  wo  use  a  single  level  of  test 
Voltaire  for  different  t  hicknesses  of  insulation, 
wo  are  t ('sting  to  different  levels  of  integrity. 

Another  part  of  the  whole  story  has  to  be  the 
capability  of  the  insulation  chosen  for  the 
wire.  Kaeh  insulation  type  has  a  voltage  gra¬ 
dient  capability  and  this  must  bo  considered 
when  assigning  a  lest  voltage. 


For  four  insulation  types,  the  following  table 
summarizes  maximum  voltage  gradients  that 
have  proven  to  be  effective. 


Insulation 

Type 

Maximum 
Gradient 
Volts/ mil 

Solid  Polyethylene 

77)0 

Solid  Fluoropoiymer 

77)0 

Solid  Polyvinyl  Chloride 

7)00 

ICxpamled  (Foam) 

27)0 

These  limits  on  voltage  gradients  protect  the 
insulations  from  damage  during  tests  while 
providing  sufficient  margins  to  detect  flaws 
in  t  he  insulated  wire. 

3.2  PAIR  TESTING 

As  a  final  test  of  the  integrity  of  a  cable  the 
>  dielectric  withstand  lest  is  applied  to  each 

conductor.  'Phis  test  consists  of  appjing  a 


voltage  level  between  one  wire  in  a  cable  with 
all  other  wires  and  shields  (if  present) 
shorted  together.  This  is  usually  in  a  pair 
configuration  ns  is  shown  in  figure  ■>.  We 
have  seen  that  the  field  plots  of  a  pair  in 
space  will  produce  a  maximum  gradient  on 
the  axis  between  the  conductors  and  that  the 
actual  maximum  gradient  occurs  at  the  con¬ 
ductor  surface.  The  same  concerns  on  max¬ 
imum  voltage  gradient  apply  to  these  tests  as 
applied  to  spark  testing. 

3.3  TEST  INDUCED  FLAWS 

Spark  testing  may  be  applied  at  insulate,  at 
twisting  and  at  jacketing  operations  with 
pair  testing  performed  as  a  final  test.  Thus 
it  is  possible  to  apply  high  voltage  gradients 
to  the  same  wire  several  times  during 
manufacturing.  There  has  been  considerable 
evidence  that  such  testing  may  "set  up"  insu¬ 
lation  to  fail.  In  fact  cables  thus  tested  can 
subsequently  fail  at  a  reduced  voltage  level. 

Insulating  materials  have  intrinsic  gradient 
capabilities  that  if  exceeded  may  cause 
premature  damage  to  the  insulation.  It  has 
been  previously  reported  that  t  feeing  occurs 
in  various  insulations1  .  This  is  described  as 
microscopic  channels  extending  partly  or 
wholly  through  a  wall  of  insulation  and 
(•('presenting  a  characteristic  form  of  latent 
damage. 

As  the  authors  indicated  in  the  paper  "Tree¬ 
ing  in  Polyethylene  as  a  Prelude  to  Break¬ 
down", 

"A  .striking  example  of  this  was  noted  20 
years  ago  in  an  experiment  in  which  a 
2,000  foot  length  of  rubber-insulated  wire 
was  subjected  to  alternating  stress.  After 
each  breakdown  the  failure  was  lifted  out 


1.  I).  W.  Kitchen,  O.  S.  I’rntl:  "Tricing  in 
Polyethylene  as  a  Prelude  lo  llrtnkiloini  A1KE 
Winter  General  Meeting.  New  York.  New  'iork. 
I  i  lirualV  2-7.  1!)7>S 

I).  \Y.  Kitchen.  O.  S.  I’ratt:  "Treeing  Effects  m 
Polyethylene''  AIKK  Power  Apparatus  and 
Systems.  1  D")S 
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of  water  and  stress  again  applied  to  the 
remaining  length.  Without  latent  dam¬ 
age  the  successive  breakdowns  should 
form  an  increasing  or  at  least  a  nonde¬ 
creasing  sequence. 

In  order  to  tost  this  hypothesis  several 
lengths  ol‘  ;i  PYC  insulated  wire  were  tested. 
These  tests  consisted  of  placing  a  wire  in  a 
conductive  water  bath  where  the  voltage  was 
applied  between  the  water  and  the  conduc¬ 
tor.  The  voltage  was  increased  until  break¬ 
down  occurred.  The  section  of  the  wire  con¬ 
taining  the  breakdown  was  located  and 
removed  from  the  water  and  the  test 
repeated.  A  sequence  of  fifteen  tests  were 
completed  on  each  wire  and  the  results  were 
plotted  versus  the  test  sequence  number.  If 
some  form  of  latent  damage  was  not  occur¬ 
ring  it  would  be  expected  that  the  sequence 
presented  in  the  plots  would  be  a  monotonic 
nondecreasing  function  of  breakdown  voltage 
gradient  versus  sequence  number.  As  can  be 
observed,  this  was  not  the  case  on  any  of  the 
wires.  Therefore  it  must  be  concluded  that 
some  form  of  latent  damage  is  occurring  in 
the  test. 
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4.  SUMMARY 

The  use  of  :i  single  voltage  level  as  test  a 
requirement  may  in  some  eases  overtest  a 
wire  or  eahle  eon  figuration  while  undertest- 
ing  others.  The  selection  of  test  voltage  level 
should  use  the  gradient  imposed  on  the  eon  fi¬ 
guration  as  primarv  consideration  for  test 
levels. 

The  test  of  the  the  integrity  of  the  insulating 
process  is  not  the  level  of  voltage  that  e an  he 
impressed  upon  the  wire  or  wires  in  the 
configuration.  Rather  it  is  the  gradient  of 
the  voltage  impressed.  The  condition  that 
should  he  maintained  for  all  configurations 
and  insulation  types  is  that  the  gradient 
impressed  on  the  configuration  he  adequate 
to  detect  a  flaw  in  the  manufacturing  process 
(pin  holes,  splits,  thin  insulation,  etc.)  hut 
not  inflict  damage  to  the  insulation.  It  is 
particularly  noted  that  expanded  (foam)  insu¬ 
lations  should  have  substantially  lower  max¬ 
imum  test  voltage  gradient  than  solid  insula¬ 
tions. 

It  has  been  shown  that  overtesting  can 
induce  1:1)1  Its  in  the  insulation  that  may  he 
discovered  at  a  later  time  at  a  lower  voltage. 
Thus  high  voltage  test  levels  should  he  set  at 
the  lowest  level  to  verily  product  quality  and 
repeat  testing  should  ho  minimized. 
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COMPARISON  OF  ONE  SECOND  AND  THREE  SECOND 
DIELECTRIC  WITHSTAND  TEST 


.LA.  Isley 

AT&T  Technologies,  Inc. 
Omaha.  Nebraska 


ABSTRACT 

This  study  compares  the  defect  rates  from  the 
dielectric  withstand  test  using  one-second  and 
three-second  dwell  times.  Six  months  of  test 
results  from  four  high-voltage  test  sets  were 
collected  and  analyzed.  Results  indicate  that 
the  test  effectiveness  is  comparable  for  the 
two  test  configurations  . 


INTRODCCTION 

High-voltage  dielectric  withstand  testing  is 
performed  on  all  cable  manufactured  at  the 
Omaha  Works.  The  primary  objectives  of  this 
test  are  to  detect  serious  mechanical  defects 
and  to  ensure  a  minimal  dielectric  strength  in 
case  lightning  should  enter  the  core.  No 
inference  can  be  made  from  the  dielectric 
withstand  test  with  respect  to  the  insulation 
service  life.  Tests  of  this  nature  are  routinely 
run  on  high-voltage  power  cable  where  dwell 
times  arc  typically  measured  in  days. 

'I'he  dielectric  withstand  test  consists  of  an 
automatic  application  of  AO  or  DO  high 
voltage  to  each  conductor  with  all  other 
conductors  and  the  shield  (if  any)  grounded. 
The  test  set  operation  includes  the  following 
steps:  I.  Apply  high  voltage  to  a  conductor.  2. 
Start  a  dwell  timer  upon  sensing  the 
appropriate  voltage1  level  on  the  conductor.  3. 
Enable  the  fault  detect  circuit.  I.  Disable  the 
fault  detect  circuit  and  discharge  the1  high 
voltage  after  the  dwell  timer  times  out.  and  5. 
Step  to  the  next  conductor  and  repeat  steps  I 
t  It  rough  5. 

The  l  II,  document  on  communication  cable. 
Subject  III  (I),  calls  for  a  three-second 
application  of  high  voltage  during  the 
dielectric  withstand  test.  We  contend  that  a 
one-second  application,  which  has  been  our 


standard  dwell  time  since  1901.  does  not 
significantly  alter  the  effectiveness  of  our  fault 
detection  scheme. 

A  study  to  compare  the  difference  in  test 
effectiveness  of  a  one-second  vs.  three-second 
high-voltage  lest  was  conducted  for  a  period  of 
six  months.  The  study,  which  was  authorized 
by  CL.  was  confined  to  customer  premise  cable 
and  central  office  cable. 


T I  sT  RROCEPERES 

'J'he  cable  involved  in  this  study  was  tested  on 
three  AC  test  sets  and  one  DC  test  set. 
Because  of  the  proximity  of  the  DC  test  set  to 
the  small  pair  size  jacketing  lines,  this  test  set 
handled  the  majority  of  the  small  pair  size 
cables. 

For  this  study  the  dwell  timer  on  AC  test  set 
No.  3  was  initially  set  at  three  seconds  and  the 
dwell  timers  on  test  sets  Nos.  I  and  2  were  left 
at  one  second.  This  setup  was  altered,  four 
months  into  the  study,  because  of  problems 
with  test  set  No.  3.  At  that  time  the  dwell 
timer  on  No.  2  was  sot  at  three  seconds  and 
the  dwell  timer  on  No.  3  was  set  back  to  one 
second.  'I'he  dwell  timer  on  the  DC  test  set 
No.  I  is  accessible  to  the  operator,  therefore 
the  one-second  vs.  three-second  adjustment 
was  made  by  the  operator  alternating  between 
dwell  t  i mes  as  each  new  cable  was  tested. 

No  special  a,  rangomonts  were  made  to  direct  a 
specific  number  of  cables  or  codes  to  any  one 
test  set.  It  was  decided  that  a  large  enough 
sample  size  could  be  obtained  for  both  dwell 
times  by  allowing  a  normal  flow  of  products 
through  the  test  stations.  Figure  I 
summarizes  the  product  mix  obtained. 
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TEST  REsn/rs 


The  tost  results  wore  entered  on  the  operator's 
log  sheet  and  turned  in  daily.  The  operator's 
entry  included  tag  number,  cable  length,  cable 
code,  tost  set  number,  a  check  mark  for 
rejection  as  required,  and  number  of  high- 
voltage  breakdowns  if  any.  The  operator  on 
test  set  No.  1  was  instructed  to  include  the 
test  time  along  with  the  test  set  number 
entry.  The  operator  log  sheet  data  was 
entered  into  the  computer  on  a  weekly  basis 
and  a  summary  report  was  then  generated. 
'Phis  report  allowed  for  verification  that  an 
adequate  number  of  cables  were  being  tested 
at  the  three-second  dwell  time. 

From  the  test  results  of  more  than  10.000 
reels,  we  deleted  those  codes  which  had  less 
than  30  reels  tested  in  either  the  one-second  or 
three-second  category.  A  comparison  of  the 
high-voltage  dropout  rates  for  the  21  codes 
remaining  is  shown  in  Figure  2.  Nine  cable 
codes  show  a  higher  dropout  rate  at  the  one- 
second  test  and  fifteen  show’  a  higher  dropout 
rate  at  the  three-second  test. 


ANALYSIS 

As  shown  in  Figure  3.  22  of  the  2-1  codes 
analyzed  have  a  higher  average  length  per  reel 
for  the  three  second  tost.  This  would  seem  to 
bias  the  results  toward  a  higher  dropout  rate 
for  the  three-second  test.  To  confirm  this,  a 
correlation  analysis  was  made  on  one  of  the 
high-volume  customer  premise  codes  (A10) 
which  had  a  large  difference  in  average  length 
per  reel  for  the  two  test  categories.  Dropout 
rate  is  plotted  against  cable  length  in  Figure  -1. 
The  abscissa  represents  IK  feet  cable  length 
cells  and  the  ordinate  represents  the 
normalized  average  dropout  rate  of  those 
cables  tested  in  the  specific  length  cell. 

The  scatter  plot  shows  no  correlation. 
However,  if  the  IK  and  2K  length  cells  were 
discarded,  a  slight  positive  correlation  can  be 
seen.  The  regression  line  with  a  correlation 
coefficient  of  0.l">  is  drawn  in.  This  positive 
correlation  would  support  our  contention  that 
the  longer  cables  should  have  a  higher  dropout 
rate.  The  disparity  at  the  IK  and  2K  length 
cells  may  be  explained  by  the  higher  than 
normal  dropout  rate  for  cables  which  have 
been  cut  in  the  fault  locate  and  repair  area 
and  sent  back  through  the  high-voltage  test 
stations. 


riGURC  - 
REELS  TESTED 
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CABLE  CODE 


FIGURE  2 

HIGH  VOLTAGE  DR0P0UT  RATE 
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FIGURE  3 

DIFFERENCE  'N  AVERAGE  TLF/REEL 
FOR  3  SEC  VS  1  SEC  TEST 


International  Wire  &  Cable  Symposium  Proceedings  1987  713 


DROPOUT  RATE  (NORMALIZED) 


f'GURE  4 

DRCPOU1  VS.  LENGTH 
CABLE  CODE  AIO 
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Two  other  methods  of  comparing  the  dropout 
rates  are  presented.  The  first,  shown  in 
Figure  5.  tests  the  hypothesis  (2)(3)  that  there 
is  no  difference  between  the  two  dropout 
rates.  Where  independent  samples  of  size  .vi 
and  ,V3  (  >  29  )  are  selected  at  random  from 
two  binomial  populations,  the  statistic  for 
testing  the  difference  between  the  two 
proportions  is: 


Ha- hi 

/.  =  --  --- 
\  H(  1  -H  |  ( 1/ ,Y:t)+  ( l/.Yl) 

where: 

/ft  =  Proportion  of  failures  for  the  one- 
second  test 

H 3  =  Proportion  of  failures  for  the  three- 
second  test 

H  =  Proportion  of  failures  for  both  tests 
.vi  =  Sample  size  for  the  one-second  test 
\3  =  Sample  size  for  the  three-second  test 


Our  null  hypothesis  states  that  the  dropout 
rate  at  three  seconds  equals  the  dropout  rate 
at  one  second  (IK):  Rt  =  Hi).  The  alternative 
to  the  null  hypothesis  is  that  the  dropout  rate 
at  three  seconds  is  greater  than  the  dropout 
rate  at  one  second  (111:  in  >  hi).  Using  a  99fr 
confidence  level  we  reject  the  null  hypothesis 
if  the  test  statistic  7.  is  greater  than  2.326  (i00| 
from  i  distribution  table).  From  our  test 
results,  the  null  hypothesis  IK)  can  be  rejected 
for  only  four  cable  codes.  For  these  codes  we 
would  accept  the  alternative  hypothesis  III. 
The  remaining  20  codes  show  no  statistical 
basis  of  rejecting  the  null  hypothesis. 


If  a  confidence  level  of  90f7  (ioi  =  1.282)  were 
chosen  instead  of  99r7.  we  can  conclude  from 
the  test  results  of  seven  cable  codes  that  the 
dropout  rate  is  greater  for  the  three-second 
dwell  time'.  However,  from  the  test  results  of 
five  different  cable  codes,  we  can  conclude 
that  the  dropout  rate  is  greater  for  the  one- 
second  dwell  time. 

The  last  method  of  comparison  removes  any 
bias  in  dropout  rate  which  may  be  caused  by 
the  difference  in  cable  length  tested.  As 
stated  previously,  there  is  a  significant 
difference  in  average  length  per  reel  for  some 
cable  codes.  Figure  (>  shows  the  percent 
difference  of  the  three-second  dropout  per 
million  linear  feet  (MLF)  with  respect  to  the 
one-second  dropout  per  MLF. 


CA91C  CODE 
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1  hirteen  of  the  21  codes  show  a  negative 
percent  difference,  indicating  a  lower  dropout 
rate  per  MLF  for  the  three  second  test.  Note 
also  that  two  of  the  customer  premise  codes 
(A10  and  Al  l)  which  showed  a  statistical  basis 
of  rejecting  HO  in  the  previous  analysis  have  a 
lower  dropout  rate  per  MLF  for  the  three- 
second  test. 

Analysis  of  the  dropout  rate  In  the  hypothesis 
test  shows  conflicting  results  depending  on 
which  cable  codes  are  considered.  Analysis  of 
the  dropout  rate  per  linear  feet  removes  the 
reel  length  variations  and  shows  essentially  no 
difference  in  the  two  tests.  In  conclusion.' the 
effectiveness  of  the  one-second  and  the  three- 
second  dielectric  withstand  tests  are 
comparable. 
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ABSTRACT 

Performance  criteria  for  Integrated  Services 
Digital  Network  premises  wiring  are  discussed. 
Although  economics  dictate  that  existing  wiring 
be  used  to  the  fullest  possible  extent,  error 
rates  on  circuits  designed  for  analog 
transmission  may  become  unacceptable  when  too 
high  a  rate  is  transmitted  over  too  long  a 
distance. 

Digital  capacity,  defined  as  the  product  of 
bit  rate  and  distance,  is  limited  by  crosstalk 
and  intersymbol  interference  on  the  premises 
wiring  and  by  other  -impairments  on  the  exchange 
loop.  The  interface  between  the  network  and  the 
premises  relies  on  adaptive  echo  cancellation  to 
convert  between  unidirectional  and  bidirectional 
transmission.  Transmission  noise  will  appear  as 
an  uncancel lable  component  at  the  receiver  and 
could  also  hinder  convergence  of  the  echo 
canceller. 

INTRODUCTION 

Factors  influencing  the  suitability  of 
conventional  premises  wiring  for  use  in  the 
Integrated  Services  Digital  Network  (ISDN)  are 
discussed.  The  ISDN  is  an  end-to-end,  repeater¬ 
less  digital  system  operating  over  a  conventional 
twisted-pair  exchange  loop  known  as  a  digital 
subscriber  line  (DSL).  Signal-to-noise 
requirements  must  account  for  attenuation  and 
noise  on  the  DSL  and  noise  originating  on  the 
premises  wiring. 

The  U-DSL  interface  is  critical  to  the 
ISON.  Uncancel lable  noise  could  cause  echo 
cancellation  to  fail  with  resulting  breakdown  of 
the  system.  Crosstalk  on  premises  wiring  is 
expected  to  be  the  main  source  of  noise.  Digital 
crosstalk  is  modeled  for  the  case  where  mutual 
induction  is  negligible.  Intersymbol  inter¬ 
ference  due  to  frequency-dependent  attenuation 
becomes  important  for  pairs  that  are  well- 
shielded  and  optimally  twisted.  Interference 
can  be  predicted  from  formulas  derived  for  the 
impulse  response  provided  that  pulse  rise  time  is 
much  faster  than  circuit  response  time. 


INTEGRATED  SERVICES  DIGITAL  NETWORK 

A  digital  system  has  the  ability  to 
reconstruct  a  signal  transmitted  over  a  noisy, 
dispersive  medium.  A  sampled  waveform  can  be 
reconstructed  almost  exactly  if  the  sampling  rate 
is  twice  the  bandwidth  and  the  bandwidth  includes 
substantially  all  the  energy  in  the  waveform. 
Ultimate  fidelity  depends  on  bandlimiting  and 
quantization,  both  of  which  introduce  uncor- 
rectable  errors:  the  first  by  excluding 
out-of-band  energy,  the  second  by  approximating  a 
continuous  variable  by  a  discrete  set  of 
levels.  While  one  should  be  aware  of  them,  noise 
and  distortion  are  usually  of  far  greater 
importance. 

Digital  Capacity 

The  transmission  rate  of  a  digital  channel 
carrying  signal  power  P,  noise  power  N,  and 
distortion  D,  was  derived  many  years  ago1,2: 

l/T(b/s)  =  Wlog2(l+P/K(PD+N))  (1) 

where,  W,  the  equivalent  bandwidth,  is  the  area 
under  the  amplitude  characteristic  (the  cut-off 
frequency  of  an  ideal  low-pass  channel  with  unit 
amplitude,  for  example)  and  K  approaches  unity 
for  sufficiently  complex  coding  (K  =  8  for 
PCM).  Since  transmission  distance  is  implicit  in 
the  signal-to-noise  ratio,  capacity  may  be  stated 
in  terms  of  the  maximum  rate  over  the  longest 
distance  for  a  given  error. 

A  relateo  definition,  the  "figure  of  merit", 
F  *  la  /T,  is  useful  where  intersymbol  inter¬ 
ference  due  to  frequency-dependent  attenuation  is 
limiting.  The  figure  of  merit  is  the  maximum 
value  the  product  of  bit  rate  and  (distance)®  may 
have  for  a  given  error  criterion.  The  exponent 
is  2  for  metallic  media  and  1  for  optical  fiber-*. 

Digital  Subscriber  Line 

The  ISDN  is  an  end-to-end  digital  system 
operating  between  the  siJjscriber  terminal  and  the 
local  exchange  switch4’5.  The  exchange  network 
portion  is  known  as  a  digital  subscriber  line. 
The  DSL  supports  bidirectional  transmission  on 
the  exchange  pair  between  the  station  side  of  the 
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U - DSL  interface  and  the  local  office.  Trans¬ 
mission  on  the  subscriber  premises  is  unidirec¬ 
tional  (4-wire)  and  requires  a  hybrid  interface. 

Full-duplex  transmission  is  achieved  by 
adaptive  echo  cancellation.  Figure  1  illustrates 
the  functions  of  the  U-DSL  interface.  The  hybrid 
transformer  converts  4-wire  transmission  on  the 
premises  wiring  to  2-wire  transmission  on  the 
DSL.  Imperfect  impedance  balancing  causes  the 
transmitted  and  received  signals  to  be  reflected 
into  each  others  channels  with  amplitudes 
depending  on  the  degree  of  imbalance.  The  echo 
of  the  received  signal,  having  been  attenuated  by 
the  DSL,  has  little  effect  on  transmission,  but 
the  echo  of  the  transmitted  signal  may  be  at  the 
same  level  as  the  received  signal.  Thus,  the 
received  signal  is  a  composite  of  the  desired 
signal,  noise,  and  reflections  at  the  hybrid  and 
at  other  points  on  the  DSL. 

The  DSL  is  intended  to  be  repeaterless,  with 
a  range  limited  to  18  kft  or  about  40  dB  at  the 
present  time6.  This  range  restricts  the  level  of 
interference  that  can  be  tolerated  if  an  adequate 
signal-to-noise  ratio  and  a  low  error  rate  are  to 
be  achieved. 


X* 


Echo  Cancellation 

The  function  of  the  echo  canceller  is  to 
determine  the  impulse  response  of  the  echo 
channel,  replicate  the  echo,  delay  it  appro¬ 
priately,  and  then  subtract  it  from  the  received 
signal.  The  canceller  is  adaptive  in  that  it 
adjusts  its  impulse  response  according  to  the 
difference  signal.  An  ideal  canceller  may  be 
envisioned  as  the  inverse  of  the  echo  channel  in 
tandem  with  it.  Convergence  of  the  replica  to 
the  true  response  is  affected  by  noise.  While 
the  consequences  of  nonconvergence  may  be 
tolerable  for  speech,  data  communications  are 
more  demanding'. 

Echo  cancellation  requires  the  transmitted 
signal  as  a  reference--the  replica  is  obtained  by 


convolution  of  the  transmitted  signal  with  the 
echo  channel  response.  However,  since  trans¬ 
mission  noise  cannot  be  referenced,  the  signal  at 
the  receiver  contains  an  uncancel  1  able  compo¬ 
nent.  Near-end  crosstalk  is  expected  to  be  the 
most  significant  impairment  on  premises  wiring. 
This  is  because  transmitting  and  receiving 
circuits  that  are  not  segregated  or  shielded  from 
each  other  can  interfere  effectively  along  their 
entire  length.  Intersymbol  interference  could 
become  limiting  if  crosstalk  is  negligible. 

Far-end  crosstalk,  intersystem  crosstalk, 
and  impulse  noise  are  regarded  as  DSL  impairments 
and  will  not  be  discussed  at  length.  FEXT  is 
ordinarily  unimportant  except  for  very  long 
lines.  However,  unequal  level  far-end  crosstalk 
due  to  the  interference  of  a  station  relatively 
near  the  office  with  one  relatively  remote  is 
similar  to  NEXT,  and  the  effect  is  compounded  if 
the  interference  is  between  systems  operating  at 
different  power  levels  within  the  same  cable. 
Impulse  noise  due  to  switching  transients  coupled 
between  adjacent  lines  within  the  office  should 
also  be  taken  into  account. 


Error  Probability 


Transmission  errors  are  due  to  incorrect 
decisions  at  the  detector.  Hence,  error 
probability  is  related  directly  to  the 
signal-to-noise  ratio  at  the  decision  point. 
Equivalently,  it  may  be  described  in  terms  of  the 
eye  diagram  showing  all  possible  pulses  within 
the  sampled  time  slot.  Figure  2  shows  a  fully 
open  eye  diagram  for  a  bipolar  pulse.  Pulses 
above  and  below  the  decision  crosshairs  (CH)  are 
coded  js  ones,  those  between  the  crosshairs  as 
zeroes6. 
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Noise  and  dispersion  cause  pulse  amplitude 
fluctuations  which  reduce  the  vertical  eye 
opening.  Timing  jitter  closes  the  eye 
horizontally. 

The  error  probability  for  a  bipolar  pulse 
with  random  noise  is  the  probability  that  the 
noise  will  exceed  one-half  the  pulse  amplitude  at 
the  sampling  instant: 

Pr(e)  =  (2/3)erfc(V/<r(8)^)  (2) 

where  erfc  is  the  complimentary  error  function, 
V  is  the  pulse  peak  amplitude,  and  a  is  the  rms 
noise  power.  Independent  interferences  are 
additive.  It  may  be  useful  to  estimate  Pr(e) 
when  more  than  one  noise  is  operative  but  only 
one  rms  value  is  available.  As  an  example, 
Figure  3  shows  a  plot  of  the  error  probability 
versus  peak  signal-rms  crosstalk  for  four  levels 
of  intersymbol  interference. 
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CROSSTALK  MODELS 

Near-end  crosstalk  may  be  modeled  as  an 
input  signal  that  propagates  on  a  circuit  until 
it  is  coupled  into  an  adjacent  circuit  and  then 
propagates  in  the  opposite  direction: 

N(w)  =  j„/o  X-exp(’2l,x  )dx  (3) 

The  quantity  X=( ZQC/4+M/Z0)  is  the  crosstalk 
function,  C  is  capacitance  unbalance,  M  is  mutual 
inductance,  and  7  is  the  propagation  constant. 


Average  values  are  appropriate  for  parallel 
pairs.  It  can  be  seen  that  twisting  causes 
positive  and  negative  variations  in  X,  effec¬ 
tively  reducing  the  average  value  to  zero.  In 
this  case,  X  becomes  a  random  variable  with  zero 
mean  and  crosstalk  becomes  proportional  to  the 
mean-squared  value  of  X. 

Crosstalk  interference  depends  on  the 
isolation  of  transmit  and  receive  pairs  from  each 
other.  Isolation  is  a  function  of  geometry, 
shielding,  and  twisting.  Unshielded  parallel 
pairs  will  have  strong  capacitive  and  inductive 
couplings  while  shielded  pairs  with  short  twist 
lengths  will  interfere  weakly. 

Capacitive  Coupling 

This  model  illustrates  the  role  played  by 
pair-to-pair  capacitance  unbalance9.  The  inter¬ 
ference  is  obtained  as  the  convolution  of  the 
impulse  response  of  the  crosstalk  path  between 
balanced  pairs  (the  virtual  coupling  circuit) 
with  the  voltage  on  the  disturbing  pair.  The 
result  is  an  equation  for  the  signal-to-noise 
ratio  on  the  disturbed  pair.  The  interference 
voltage  is: 

V(s)  =  (sC/(s+a))V0(s)  (4) 

where  s  =  jw,  C  =  C  / ( Cc+4C(-| )  is  a  ratio  of 
capacitances,  1/a  =  Rr4Cd+Cc)/4,  and 

C,j  =  direct  capacitance  between 
paired  conductors 

Cc  =  capacitance  unbalance 
between  pairs 

R  =  circuit  resistance 

The  disturbing  voltage  is  modeled  as  a 
trapezoidal  pulse  with  equal  rise  and  fall  times: 

V0(s)  =  (l/trs2)  ((l-e'str)-e"sT(l-estr))  (5) 

where  1/T  is  the  pulse  repetition  rate  and  tr  is 
the  rise  time.  This  yields  the  disturbance  as  a 
sum  of  delayed  step  responses  multiplied  by  a 
ratio  of  characteristic  times,  tx/t_ ,  where  tx  is 
the  characteristic  time  for  the  virtual  crosstalk 
circuit  and  tc  is  the  characteristic  time  for  the 
disturbed  circuit: 

V(t)  =  tx/tr[u(t)(l-et/tc)-u(t-tr)(l-e(tr-t)/tc)] 

-tx/tr[u(t-T+tr)(l-e(T-tr’t)/tc)-u(t-T) 

(l-e(T-t)/tc)]  (6) 

The  required  signal-to-noise  ratio  is  then 
S  =  201og(tr/txU). 

If  there  are  n  interferences,  each  with  the 
same  coupling,  the  pulse  rise  time  must  be  longer 
than  ntxU)S/20.  With  the  rise  time  expressed  as 
a  multiple  of  the  pulse  rate,  r  =  T/tf,  the 
maximum  value  of  the  pulse  rate-distance  product 
becomes : 
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1/T  =  l/(rnRCc10S/20)  (7) 

Also,  if  the  duty  cycle  is  100  percent/d, 
then  the  maximum  rise  time  is  T/2d. 

Crosstalk  interference  is  illustrated  in 
Figures  4,  5,  and  6.  In  these  figures,  the 
circuit  length  is  100  feet,  mutual  capacitance  is 
25  nF/kft,  resistance  is  100  ohms,  and  there  are 
four  circuits  interfering  in  phase.  Pulse  rise 
is  175  in  Figures  4  and  5  and  T/10  in  Figuie  6. 
The  ratio  of  characteristic  times  t^/t,,  is  2  in 
Figure  4,  10  in  Figure  5,  and  10  in  Figure  G. 
The  signal-to-noise  ratio  is  seen  to  depend  on 
the  ratio  of  characteristic  times.  The 
dependence  of  crosstalk  on  pulse  rise  time  and 
circuit  response  time  is  apparent. 


This  model  neglects  mutual  inductance  and 
tends  to  understate  near-end  crosstalk. 
Inductance  may  be  safely  ignored  at  low 
frequencies  where  characteristic  impedance  is 
large.  Screening  pairs  from  each  other  can 
improve  isolation  at  high  frequencies  where 
inductance  may  not  be  neglected.  This  might 
require  careful  pair  selection  in  some  existing 
premises  wiring,  especially  long  runs  of  flat 
paral lei -wire  undercarpet  cable. 


Magnetic  Shielding 


Induction  may  be  decreased  by  enclosing  the 
pair  in  a  shield.  The  shielding  loss  consists  of 
absorption  and  reflection: 


A+R  =  201og(H/H')dB  (8) 


where  H  and  H'  are  the  magnetic  field  intensities 
(amperes/meter)  on  the  outside  and  inside  of  the 
shield  and: 


A  »  8.686t(wu/2p)>5  dB  =  8.686  t/idB 

6  =  =  skin  depth 
R  =  20 log { | K+l| 2/|4kI )dB 
K  =  d(2j)*Vi 

u  =  permeability  =  4  * X10*7(H/m) 

p  =  resistivity  =  2.83X10"8(ohm-m) 
for  aluminum 

d  =  distance  of  pair  from  screen 
t  =  screen  thickness 
f  =  frequency  (Hz) 
w  =  2  w  f 


For  distances  in  mils  and  frequency  in  MHz, 
A  =  2.63tf  2dB  and  <  =  ,42d(jfp 

Shielding  can  offset  the  increase^  in 
near-end  crosstalk  with  frequency.  For  df>5»2 
the  requirement  is: 

*(A+R)  =  2.63t(f^-foVl01og(f/fo)>151og(f/fo) 
or 

t  >  1.91og(f/fo)/(f*s-fos'2)  (9) 

Calculated  screening  losses  for  4-mil 
aluminum  and  a  pair-screen  distance  of  100  mils 
are  tabulated  below.  Observed  increases  in 
crosstalk  isolation  with  frequency  may  be 
attributed  to  screening. 

0.1  MHz  1.0  MHz  10  MHz 


K 

13.4 

42.4 

134 

A 

3.3 

10.5 

33.3 

R 

11 

20.8 

30.4 

A  +  R 

14 

31 

64 
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Twisting 

Coupling  between  widely  separated  pairs  is 
largely  inductive  since  intervening  pairs  screen 
the  electric  field  responsible  for  capacitive 
coupling.  Since  mutual  induction  is  also  more 
sensitive  to  twist,  crosstalk  becomes 
increasingly  twist-sensitive  with  frequency.  The 
variation  of  magnetic  flux  density  of  a  twisted 
wire  pair  as  a  function  of  twist  period  may 
illustrate  the  effect  of  twisting  on  magnetic 
induct  ion  . 

The  tabulation  shows  Bz(d8),  the  flux 
density  in  the  direction  of  the  current,  at 
points  off  the  axis  of  the  pair  as  a  function  of 
twist  period.  Flux  is  constant  for  an  inter¬ 
mediate  range  of  twists,  a  short  twist  is 
desirable,  and  there  is  a  common  limiting 
behavior  for  long  twists.  The  geometrical  factor 
governing  mutual  inductance  between  pairs  is  the 
cosine  of  the  difference  of  pitch  angles. 
Incoherent  phase  serves  to  reduce  the  average 
inductance.  In  addition,  random  manufacturing 
variations  randomize  the  phase  angle  sc  that  its 
mean  square  value  governs  the  interaction. 


CONDUCTOR  SEPARATION 


.05 

.1 

TWIST 

PAIR 

SEPARATION 

PAIR 

SEPARATION 

PERIOD 

A_ 

.4 

A 

.5 

13 

28 

54 

19 

46 

92 

1 

16 

26 

41 

19 

33 

60 

2 

18 

25 

35 

22 

32 

46 

4 

13 

26 

33 

24 

32 

42 

8 

23 

29 

34 

24 

31 

39 

16 

27 

33 

32 

27 

31 

38 

32 

30 

36 

35 

33 

34 

38 

256 

48 

48 

49 

49 

50 

50 

Crosstalk  data  obtained  from  available 
sources  is  difficult  to  assess,  except  for 
specific  lengths  and  frequencies,  because  of  the 
different  test  conditions  used.  In  general, 
twisting  and  shielding  individual  pairs  each 
contributes  from  5  to  10  dB  at  ISDN  frequencies 
and  lengths  from  50  to  1000  ft.  A  cable  shield 
has  little  effect  by  itself,  but  a  cable  shield 
together  with  individual  pair  shields  adds  tens 
of  decibels  at  ISDN  frequencies.  Since  the  loop 
loss  could  be  40  dB,  crosstalk  loss  should  be 
60  dB  to  provide  a  marginal  signal -to-noise 
ratio.  This  requirement  could  restrict  trans¬ 
mission  distance  and  cable  fill  for  existing 
premises  wiring. 

INTERSYMBOl  INTERFERENCE 

Intersymbol  interference  becomes  a  consid¬ 
eration  when  crosstalk  is  negligible.  A  figure 
of  merit,  defined  as  the  maximum  value  of  product 


of  rate  and  (distance)3,  F  =  13/T(max),  for  a 
stated  error  criterion  was  derived  for  dispersion 
due  to  frequency-dependent  attenuation  . 
Metallic  media  were  investigated  in  the  high 
frequency  limit  where  impedance  is  dominated  by 
the  skin  effect.  The  model  was  later  extended  to 
low  frequencies*  . 

High  Frequency  Limit 

A  normalized  impulse  response  was  obtained 
for  coaxial  cable  at  frequencies  where  impedance 
is  dominated  by  the  skin  effect.  The  figure  of 
me,  it  was  then  obtained  by  invoking  either  pulse 
overlap  or  rise  time  criteria.  The  normalized 
impulse  response  is: 

h  ( x )  =  ir^Agfx)  =  x'3/,?exp( -1/x)  (10) 

where : 

x  =  t/A  =  normalized  time 

A  =  ( lk/4Z0)2 

1  -  circuit  length 

lQ  =  (L/C)15  =  characteristic 
impedance 

k  =  (up)“5/2rx  =  2 . 342xl0'®/r  for 
copper 

u  =  permeability  -  4rxlO'7(H/m) 

p  =  resistivity  =  1.77xl0"3  (ohm-m) 
for  copper 

r  =  wire  radius 
and  h(max)  =  .41  at  x  =  2/3. 

The  figure  of  merit,  F  =  12/T,  is  obtained 
from  the  value  of  x  corresponding  to  the 
allowable  pulse  overlap.  Using  O.lh(max)  as  a 
criterion  yields  x  =  7.715,  T  =  7.715A,  and 

F  =  12/T(max)  =  3 . 8X 10 ” 3 ( r ZQ ) 2  =  9.5  (MU/s-km2) 

where  the  final  result  is  for  a  coaxial  cable 
with  inner  conductor  radius  of  1.0  mm  and 
characteristic  impedance  of  50  ohms.  Accord¬ 
ingly,  this  cable  should  transmit  9.5  Mb/s  over  a 
distance  of  1  km  with  a  maximum  pulse  overlap  of 
10  percent. 

For  paired  wires,  k2  =  ( up / |ir )2) /( l-(2r/Dl2) 
where  0  is  pair  separation.  This  yields 

F  =  9.44xl0‘4(Zor)2(l-(2r/D)2) 

=  1.15  (Mb/s-km2)  (11) 

and  the  result  uses  ZQ  =  ( 120)cosh~* ( D/?r ) , 
D/2r  =  2,  and  r  =  ,255mm(24  gauge).  Accordingly, 
an  isolated  24-gauge  pair  should  transmit 
1.0  Mb/s  over  a  distance  of  1.15  km  with  an  error 
rate  corresponding  to  a  pulse  overlap  of 
10  percent. 
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100  m 


1  km 


The  model  was  extended  to  low  frequencies  by 
using  the  low-frequency  propagation  constant  to 
derive  the  normalized  impulse  response1  .  The 
respi  se  was  found  to  have  the  same  form  as  for 
the  high  frequency  case: 


h(y)  =  Birlig(y)  =  y'3/2exp(-l/y)  (12) 

where: 


y  =  t/B  =  normalized  time 
B  =  (la)2/2w 

a  =  (wRC/2)*5  =  attenuation 
R,C  =  resistance,  capacitance 
ZQ  =  characteristic  impedance  =  (R/wC)'1 


and  the  other  symbols  have  their  previous 
meanings. 


As  for  the  high  frequency  case,  the  figure 
of  merit  was  based  on  a  10-percent  overlap 
criterion  to  yield  the  result: 

F  =  123f/a2(km2-Mb/s)  (13) 


where  a(f)  is  in  dB/km  measured  at  f(MHz). 


Unfortunately,  there  was  little  corres¬ 
pondence  between  this  result  and  eye  distor¬ 
tion11.  Measurements  using  pseudorandom  NRZ 
(non-return  to  zero)  code  over  a  wide  range  of 
bit  rates  indicated  that  50-percent  overlap 
(y  =  2)  could  be  tolerated  for  5-percent 
peak-peak  time  jitter.  Although  this  did  not 
seem  reasonable,  it  could  be,  rationalized  as  a 
rise  time  phenomenon. 


However,  similar  measurements  identified  a 
correspondence  between  pulse  overlap  and  eye 
distortion  on  paired  conductors  at  both  high  and 
low  frequencies  by  using  the  high-frequency 
paired-wire  model12.  Applying  the  formula  to  a 
24-gauge  cable  pair  with  ZQ  =  110  ohms  yields: 

F  =  9.44xl0-4(Zor)2(l-(2r/0)2) 

=  . 557( Mb/s-km2 )  (14) 


This  equation  fits  the  data  of  Reference  11 
quite  accurately  from  10  kb/s  to  60  Mb/s. 


The  success  of  the  high-frequency  model 
implies  that  skin  effect  impedance  was  dominant 
over  the  entire  range,  which  would  be  so  for 
pulse  rise  times  much  faster  than  the  circuit 
response  time.  The  circuit  response  time  may  be 
estimated  as  t.  =  (ol)2/f  nanoseconds,  where 
al  is  the  circuit  attenuation  in  dB  measured  at 
frequency  f  MHz.  Assuming  that  tp  <  0.1  tc  is 
sufficient,  skin  impedance  should  dominate  in  the 
case  of  24-gauge  pairs  for  pulse  rise  times  less 
than  those  tabulated  below: 


f (kHz) 

10  m 

8 

.17 

60 

.068 

100 

.047 

1000 

.031 

17 

1700 

6.8 

680 

4.7 

470 

3.1 

310 

Bit  rate-transmission  distance  capability 
may  be  predicted  from  high  frequency  formulae  if 
rise  times  are  shorter  than  those  shown. 

CONCLUSION 


Digital  transmission  capability  on  premises 
wiring  is  limited  by  near-end  crosstalk  and 
intersymbol  interference.  Fast  pulses  reduce 
intersymbol  interference  but  increase 
crosstalk.  Pulse  characteristics  should  be 
optimized  for  a  given  system.  Crosstalk  due  to 
mutual  induction  at  high  frequencies  may  be 
counteracted  by  screening.  Induction  is 
increasingly  twist-sensitive  as  the  frequency 
increases,  and  optimized  twisting  and  geometry 
are  desirable. 

Intersymbol  interference  is  limiting  where 
crosstalk  is  negligible.  This  would  be  the  case 
for  individually  shielded,  twisted  pairs  with  an 
overall  cable  shield.  The  high-frequency  figure 
of  merit  predicts  peak-peak  time  jitter  over  a 
wide  range  of  frequencies  provided  pulse  rise 
time  is  much  shorter  than  circuit  response  time. 

The  suitability  of  existing  premises  wiring 
for  ISDN  service  is  a  question  that  will  require 
consideration  on  an  individual  basis.  Circuit 
design  for  minimal  transmission  distance  along 
with  pair  selection  may  be  necessary  to  obtain 
the  required  signal-to-noise  ratio. 
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P.  R.  China 


Abstract 


Longitudinal  wrapping  technique  is  in  recent  years 
more  and  more  applied  to  tele conn uni cation  cable 
in  regard  to  conductor,  and  jacketing  forming 
process,  especially  to  the  formation  of  metal  tape. 
As  for  all  the  materials  for  butt  or  overlap  wrap¬ 
ping,  geometric  calculation  needs  to  be  considered 
for  longitudinal  wrapping  model  and  find  the 
optimun  parameters  of  formation  curves  to  obtain 
good  electrical  and  mechanical  performances  of  the 
wrapping. 

This  paper  presents  the  geometric  calculation  for¬ 
mula  of  longitudinal  wrapping  model  in  a  broad 
sense  by  an  example  of  the  overlap  longitudinal 
wrapping  of  aluminum  tape  used  as  the  shield  of  a 
bonded  integral  sheathed  telephone  cable,  in  which 
uniform  formation  model  was  verified  in  practice 
and  yielded  satisfied  results  in  the  trial  produc¬ 
tion  of  relative  products,  thus  eliminating  pucker 
edge  of  aluminum  tape  in  longitudinal  wrapping 
model  determined  by  experience  in  the  past.  Mean¬ 
while  it  can  smoothly  fulfill  overlap  longitudinal 
wrapping  far  more  complicated  than  butt  longitu¬ 
dinal  wrapping.  Based  on  the  formulas  generated  in 
this  paper,  the  required  butt  or  overlap  longitu¬ 
dinal  wrapping  tooling  can  be  designed  out. 


Main  Symbols 

It  -  the  formation  trajectory  of  a  certain  point 
on  the  tape  edge  of  the  wrapping  arc  section, 
i.e.  formation  special  curve. 

^  -  the  distance  between  the  projection  of  a  cer- 
‘  tain  point  of  [c  on  X-Y  plane  and  the  origi¬ 
nal  point. 

R  -  the  curvature  radius  of  formation  arc  corres¬ 
ponding  to  formation  angle  (X  in  wrapping  arc 
section. 

d  -  the  diameter  of  the  butt  closure  of  the  ter¬ 
minal  in  wrapping  arc  section, 
d,  -  the  diameter  of  the  base  circle  of  the  car- 
dioid  curve  when  the  projection  of  (c  on  X-Y 
plane  forms  into  a  cardioid  curve. 
im  -  the  length  of  wrapping  arc  section. 

Z  -  the  model  length  from  0  to  c<  relative  to  the 
formation  angle  in  wrapping  arc  section. 

S  -  the  spacial  curve  length  from  0  to  ex'  relative 
to  formation  angle  in  wrapping  arc  section. 

P  -  the  overlap  width  of  longitudinal  wrap  tape, 
d'  -  the  outer  diameter  of  longitudinal  wrap  tape 
with  overlap, (the  radius  expressed  by  r') 


cX.  -  the  central  angle  relative  to  overlap 
section. 

h  -  the  distance  between  the  projection  of  a  cer¬ 
tain  point  of  tc  on  X-Y  plane  and  X-axis. 
Atm-  the  length  of  overlap  section. 

the  formation  trajectory  of  a  certain  point 
on  the  tape  edge  in  overlap  section. 

R'  -  the  curvature  radius  of  formation  arc  rela¬ 
tive  to  formation  angle  o<  'in  overlap 
section. 

Z'  -  a  model  length  from  0  to  ^'relative  to  for¬ 
mation  angle  in  overlap  section. 

S’  -  a  spatial  curve  length  from  0  to  <X  relative 
to  formation  angle  in  overlap  section. 
d1'  -  the  outer  diameter  of  a  half  tape  when  longi¬ 
tudinally  wrapped  to  complete  overlap  with 
the  outer  diameter  d1  of  longitudinal  wrap  of 
c  the  other  smaller  half  tape. 

£  -  the  relative  elongation  of  tape  edge  (%). 
w  -  the  distance  between  the  projection  of  a  cer¬ 
tain  point  of  (ton  X-Y  plane  and  Y-axis. 

(all  the  lengths  expressed  in  mm) 


1.  Formation  Trajectory  of  a  Certain  Point  on  The 
Tape  Edge  in  Butt  Longitudinal  Wrapping 

In  Fig.  1,  one  half  tapers  01  in  width,  it 
becomes  a  semi -periphery  011  when  formed  by 

circular  ^contraction  method.  The  relative  arc 
lengths  02,  03,  remain  equal  and  to  01  during  for¬ 
mation.  The  projection  of  spatial  curve  on  X-Y 
plane  can  be  characterized  by p%  Combining  Fig. 3, 
it  gives:  / 

R.sin  (X  =  —■ 
and 

Xd 

2R-  <*  "  ~ 

.  ’ .  p  =  * sin  =  •  sino( 

The  formula  o  ^  (derivation  omit- 

I  ,  <*. 

4  -  cos^ 

ted) 

derived  by  arc-chord  approximate  calculation  is 
compared  with  the  formula  d.  cos<x+  d  =  d- 
(1+0.5708  cosoO  obtained  by  taking  projection 
curve  as  cardioid  curve. 
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The  errors  are  shown  in  Table  1  and  the  formulas 
are  all  applicable  in  engineering. 

For  the  convenience  of  following  calculation, 
taking  cardioid  equation,  the  projection  curve 
equation  of  Lt  on  X-Y  plane  can  be  written  as: 

f  =  d0  cos  t*  +  d  (1 ) 

where, 

do  =  0.5708d 

If  the  formation  of  uniform  circular  contraction  is 
to  be  applied,  the  angle  of  tape  varies  uniformly 
(Another  shortest  formation  is  described  in  Section 
6  for  reference),  Z  becomes  the  linear  function  of 
.  From  the  boundary  condition  we  obtain: 

Z  =  (2) 

Combining equations  (1)  and  (2),  the  parametric 
equation  is  given  for  lc  below  a  cylindrical  co¬ 
ordinate  as  follows: 

P  =  d.coso<+  d  (3) 

L  -  •  '.Lrr>  ^ 

7T 

As  the  differential  formula  of  arc  length  is 

d.=Vd?+df2+/^d«? 


=  2 jjft )  24d2  +d2+2d,dcos«dck 


assuming 


k ,  =  V  (^f  )2+d2  +d2 
k,=  2d.d 
k2 


certain  point  on  the  edge  of  butt  longitudinal 
wrapping  tape  in  the  formation  of  uniform  circular 
contraction. 

2.  Butt  Long! tudinei  Wrapping  Section  Length  with 
Working  Elongation  Satisfied 

In  materials  science,  all  metal  materials  with 
elongation  greater  than  5%  are  plastic  materials. 
They  have  no  evident  yielding  point.  There¬ 
fore,  the  yielding  stress  of  a  plastic  material 
when  producing  0.2%  plastic  deformation  is  its 
yielding  limit,  as  normally  specified  in  engine¬ 
ering.  Thus,  in  order  to  avoid  the  yielding  ten¬ 
dency  of  a  metal  material,  which  produces  defor¬ 
mation  without  increasing  its  stress,  the  working 
elongation  of  a  plastic  material  is  conventionally 
limited  to  less  than  0.2%.  However,  some  litera¬ 
ture  also  mentions  that  the  pucker  caused  by  too 
much  tension  on  the  edge  of  an  A1  foil  tape  can  be 
eliminated  by  controlling  the  elongation  of  tape 
within  less  than  0.25%.  Therefore,  the  average 
elongation  of  the  deformation  curve  in  full  length 
is  confined  to  Issb  than  0.20%,  the  maximum  elonga¬ 
tion  of  any  section  not  greater  than  0.25%. 


Lc-~  If*  &  0.002 
U 

U  ±  1  .002  Lm 

lc  6  1.004/* 

But  from  equation  (8), 

I)2  +  *a.d  +  (- 1* V 


The  integral  from  0  to  tk.  in  equation  (4) 

S(«)  =  k1  co5w0  (6) 

It  is  an  elliptical  integral,  for  which  there  is 
no  accurate  solution,  but  approximate  solution  can 
be  found  by  series  expansion. 


.-.  1.004/^/'  +  (d2  +  d2)  +  7rd„ 


±  d  )  + 
0.016 


f 1  +  k2cos0=1  +  ^  k2C0S^ 
-  1  k2cos2* 


Substituted  into  equation  (6),  term-by-term  inte¬ 
gration  gives: 

k  k  K  k2 

S(CX  )  =  k1  /  ck+^sinOC  -  -  j^sln2c<J 


~  k.ck  +k1k2  sino< 

2  k  k 
n  >  7r  ,  .  ik2 


4»S(f  )-f  k, 


if  _  d*d 

2  *1  K 


Equation  (8)  represents  the  trajectory  length  of  a 


5708)  +4  h-xO. 
0.016 


-=  35.5855d 


aquation  (10)  expresses  the  necessary  length  in 
butt  longitudinal  wrap  section  when  using  circular 
contraction  formation  with  average  working  elonga¬ 
tion  of  0.20%.  At  this  point,  the  maximum  relative 
elongation  of  any  section  on  the  formation  curve  is 
not  greater  than  0.25%.  Their  checking  calculation 
and  the  greph  versus  Z-axis  are  shown  in  Fig.  7. 


Model  Parameter  For  Implementing 
dlnal  Wrap 


Butt  Loneltu- 


Butt  longitudinal  wrap  is  only  applied  to  wrapping 
arc  section.  The  longitudinal  wrapping  formation 
for  laminated  A1  shield  tape  is: 

ki  =/  +  £±7 

=  d'Y22.6544  +  1.3258  ~  22.6837d 
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k„  =  »  o. 002219 


514.5485 


Being  substituted  into  equation  (7)  leads  to 

Jj 

S(o()  ~  kt  c*  +  -y-^  sin<X 

=  22.6837d-«.  +  0.025l6d-sinO< 

in  which,  cXis  radian  value.  If  degree  value  is  to 
be  used,  it  should  be  multiplied  by  K 

180 

Thus, 

S (<*)  =  0.3959d-  OC"  +  0.0251 6d*sintX  (11) 

From  Fig.2,  it  can  be  seen 
1° 

R  sin^=  j 

R (*)  =  d  i  |(7T-  2)  cob  0( 

2sin  c\ 

=  2sinc<  t 1  +  ~2  cosc*J 


R(0()  =  2sin^  +  °-2854d-cot<X 


(12) 


d' 


7!d  -  (-y  +4)  5  7td  -  d'  -  20 

=  sir 

djiSiLf  .I2_t20 
1  5n 

=  1.06366d'  +  1.27324  (15) 


Thus,  equation  (11)  -  (13)  used  for  overlap  longi¬ 
tudinal  wrapping  arc  section  can  be  expressed  in 
diameter  d'  of  longitudinally  wrapped  A1  tape  30 
that  the  die  parameters  for  wrapping  arc  section 
can  be  indicated  in  equations  (16)  -  (18) 

S(c<)  =  0.3959d-  <X*  +  0.0251 6d-sinoC 
-  (0.4211d'  +  0.5041  )'0<" 

+  (0.02677d'  +  0.03204) sin  tX  (16) 

R(<X)  =  +  0.2854  cot* 

_  0.5318d’  +  0.6366 
sin  e< 

+  (0.3036d'  +  0.3634)  cotr*  (17) 

Z(0()  =  0.3954d«° 

«  (0.4206d>  +  0.5034)' 

(0  4C<S90o)  (18) 


Besides, 


4.2  Overlap  Section 


Z((X)  =  =  22.6544d-  °< 

=  -is-.***  3g.«5?d .«• 

90  90  U 

~  0.3954d  *'(0<*<90°) 


(13) 


Equations  (12)  and  (13)  give  the  axial  length  Z  («) 
froa  the  initial  point  when  wrapping  arc  section  is 
at  a  certain  formation  angle  and  its  corresponding 
value  of  the  formation  radius  R(rx)  respectively. 


4.  Model  Parameter  For  Overlap  Longitudinal  Wrap 
4.1  Wrapping  Arc  Section 

Butt  longitudinal  wrapping  arc  section  can  be 
broken  up  into  an  overlap  section,  for 
which  equations  (11)  -  (13)  are  approximately 
applied. 

Bonded  Integral  sheathed  telephone  cable  requires 
that  the  overlap  bonded  width  of  laminated  shield 
tape  should  not  be  less  than  5  mm,  the  width  of 
overlap  being  increased  with  the  increment  of  cable 
diameter.  Design  equation  (14)  is  taken  as 
general  equation  for  the  relatioship  between  over¬ 
lapped  width  P  and  outer  diameter  d'  of  longitu¬ 
dinal  wrap  of  laminated  shield  tapej 

P  =  -y-  +  4  mm  (14) 

If  the  overlap  section  is  considered  as  a  truncated 
cone,  the  completion  of  the  procedure  from  butt 
wrap  to  overlap  should  meet! 

7fd'  +  P  *  ltd 


Assuming  the  die  length  for  overlap  section  be 


because 

2  :r* 

oC--*T 

L.t.A. 

*  J-l 

r* 

°r  or  = 

•  2  7T 

(  0.4  + 

=  [22.9183(1  ■ 

Therefore 


20  -i  o 


=  {5.7296(1  +  JOj 


(19) 


4/„ 


-  iis  (0  i  +  -2-1 

7T  /  7 T  + 


=  2x35.5855(1. 06366d’  +  1.27324) 
K 


x(o.i  +  fr) 

=  2.4097d'  +  +  51.0776  (20) 

Hence,  the  overall  axial  length  of  the  cable  on  the 
completion  of  overlapping  is 

(m  +  46n=  35.58  55(l.06366d'+  1.27324)  +/3 

=  40.2605d'  +  S7*^8?0  +  96.3865  (21) 


Again,  assuming  formation  trajectory  length  at  a 
certain  point  on  tape  edge  in  overlap  section  be 
Al(_t  from  Fig. 3,  formation  angle  *./4  is  increased 
between  the  two  spatial  curves  on  the  left  and 
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right,  both  based  on  71/2,  from  equation  (16),  the 
total  length  of  each  spatial  curve  1st 

/£+Wc»  S(90+  2fe)° 

=  (0.4211d'+0.504l)x/90+5.7296(1+|r)J 

+(0.02677d'+0.03204)xsin[90+5.7296(1+|r)J 

57*7637 

»  40.3125d'+  d'  +96.51 1 1 + ( 0. 02677d * 

+  0.0320-.)xcos[5.7296i  J  (22) 

but, 

S(90°)  =  (0.421  Id' +0. 5041 )x90 
+(0.2677d'  +  0.3204) 

=  37.9265d'  +  45.3994 
.*.  Alc=  2.3860d'  +  SZ»2£2Z  +  51 .1-18 
+(0.02677d'  +  0.03204) 
xoo3^5.7296  +  -ffi'-J  °  (23) 


Aa  shown  in  Fig.  4,  overlap  section  being  regarded 
as  a  truncated  cone,  the  relationship  between  for¬ 
mation  radius  R'  (pc' )  in  this  range  and  the  die 
length  Z'  ( c4!  )  in  the  overlap  section  from  the 
initial  point  of  butt  closure  meets  following 
equation 


Rl  ((X*  )  ~  2  _  Z'  (<30  ) 

d  _  d'  A  U 


(24) 


2  2 


Since  the  tape  should  be  subject  to  uniform  forma¬ 
tion  in  overlap  section,  similar  to  equation  (2), 
it  generates: 

Z'(<x')  -  . <*' 

4 


in  which,  0  £  ^  c**/4,  c*'  is  the  formation 

angle  of  the  overlap  section  initiated  from  OY  axis 
in  Fig.  2. 


But, 


4L 


2  /m 


.-.  Z'(cx')  -  ^  •*' 


2(m 


Z'(oO)  =  fggtoxj)  =  0.3954d-((X,r 
-  (0.4206d>  +  0.5034)* (04' )° 

(0  <  ot'  £  J4) 


(25) 


Equation  (25)  is  substituted  into  equation  (24), 


then 

R'(o<') 


d  d-d1  .  Z'  (CX' ) 

2  "  2  Aim 

d  d-d'  (<X')° 

2  "  2  ~~ET~ 

4 

_  d  -  d'  (°<')° 

2  2  [5.7296  + 


-  (0.5318d'  +  0.6366) 

(0.03183d'  +  0.6366)d'  .(-.jo 
"  5.7296d'  +114.596  ^ 

(0  ^  04'  )  (26) 


Additionally,  by  the  same  reason  of  equation  (16) 
it  gives: 

s'(00)  =  (0.421  Id’  +  0.5041  )*(CX')° 


+  (0.02677d>  +  0.03204) sinCX' 

tv'* 

(0£  ex.’  *=■  “)  (27) 


Equation  (25)  -(27)  are  essential  parametric  for¬ 
mulas  for  overlap  section  when  overlap  longitudinal 
wrap  is  applied. 


5.  Correction  of  The  Parameters  of  Overlap  Longi¬ 
tudinal  Wrap  Model 

5.1  Transverse  Correction 


Should  the  radius  of  the  formation  of  the  left  and 
right  half  tape  be  completely  symmetric,  the  tape 
edges  at  the  closure  could  not  be  overlapped  due  to 
head-on  joint,  transverse  correction  should  be  car¬ 
ried  out  for  the  parameters  so  as  to  make  the  left 
and  right  halves  different  in  height  when  closed. 
The  amount  of  transverse  correction  depends  on  how 
big  a  gap  is  between  overlap  sections  in  process. 
This  can  be  dealt  with  in  the  following  cases: 

5.1.1  Lone  Tool in r  for  Longitudinal  Wrap 

It  is  an  integral  tooling,  good  in  formation  and 
guiding,  applicable  to  cables  of  medium  or  small 
diameter.  It  can  be  seen  from  Fig. 5  that  the  gap 
d3  on  0Y  axis  in  conventional  formation  design  is 
unequal  to  that  at  the  terminal  of  the  tape  after 
the  completion  of  overlap,  e.g.,A3'  on  0'Y'  axis. 


As  for  the  telephone  cable  normally  produced  in 
large  quantity j  o4/4  is  in  gO  ^o,  the  central 

distance  0|0^'  of  the  final  formation  circle  of  the 

right  and  left  halves  of  tape  merely  occupies 
1/20-1/50  of  d' ,  the  only  care  should  be  taken  of 
having  enough  tolerance  for  gap  A  3  in  order  that  a 
laminated  shield  tape  with  joints  could  pass 
through  continuously  and  smoothly,  so  could  4  3. 

The  slight  difference  in  magnitude  is  negligible. 
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Brass  tape  with  thickness  of  .41=0.8  mm  can  be  used 
as  the  material  of  long  tooling  for  logitudinal 

wrap. 

The  thickness  of  a  laminated  shield  tape  depends  on 
that  of  the  A1  tape  and  the  filas  heat-bonded  on 
both  sides  of  the  tape. 

A  2  =  0.20  +  2x0.05  -  0.3  aa 

Gap  4 3  =  0.9  aa  is  taken. 

Thus, 

d"«  d'  +  (0.8  +  0.3  +  0.9)  »  d'  +  2  aa 

5.1.2  Segment  Tooling 

This  tooling  perails  reduction  of  friction  between 
tape  and  tooling,  improves  tensile  formation  and 
a&kes  the  device  Bore  ingenious,  simplifies  the 
range  of  tooling  size  and  can  be  considered  to 
apply  to  the  cable  of  aediua  size  and  larger. 

Froa  Fig.  6,  thickness  At  of  overlapped  crescent 
guide  finger  formed  on  0Y  axis  should  be  taken  into 
account  as  well  as  thickness  A  2  of  laminated 
shield  tape  and  gap  A  3,  similar  to  Fig.  5,  the 
correction  amount  being  their  sumtot&l.  In  case 
it  is  difficult  to  mak8  overlap  section,  a  length 
of  long  tooling  for  longitudinal  wrap  can  be  used 
as  an  auxiliary  means  for  final  formation,  the 
correction  amount  being  the  same  as  for  the  long 
tooling  by  estimate. 

5.1.3  Forming  Roll 

The  roll  is  more  often  used  in  the  butt  formation 
of  thicker  tape,  sometimes  also  in  the  formation 
before  butt  welding  of  tapes,  and  overlap  welded 
edges  are  further  folded  into  a  tube.  It  can  also 
aost  possibly  be  applied  to  the  overlap  longitudi¬ 
nal  wrapping  formation  of  the  shield  tape  for  big¬ 
ger  cables  without  the  problem  ofHI  and  with  the 
above-mentioned  correction  principle  referred.  To 
combine  this  operation  with  the  last  half  section 
of  the  long  tooling  for  the  completion  of  overlap 
formation  will  be  a  very  promising  process  for 
cables  of  large  diameter. 

To  sum  up,  transverse  correction  can  be  concluded 
as:  on  the  complectlon  of  overlap,  if  the  final 
diameter  of  one  half  tape  is  assumed  to  be  d' ,  then 
d'  +  2  mm  can  be  taken  aa  that  of  the  other  half. 

5.2  Longitudinal  Correction 

In  making  forming  toolings,  the  normal  practice  is 
to  render  the  lengths  of  right  and  left  halves 
equal,  attention  is  also  paid  that  the  half  tooling 
of  larger  diameter  should  also  have  the  relative 
elongation  of  the  tape  edge  not  greater  than  the 
working  elongation,  so  longitudinal  correction 
meeds  to  be  made  for  model  parameters.  It  involves 
following  two  considerations: 

5.2.1  On  condition  that  the  right  and  left  half 
edges  of  the  tape  keep  relative  elongation  equal, 
the  formation  angle  of  right  and  left  half  edges  is 
not  equal  corresponding  to  any  position  on  model 
length  and  keeps  a  definite  proportion,  in  the 


meantime,  the  position  for  the  butt  closure  of 
right  and  left  half  edges  is 

no  longer  0Y  axis  in  Fig.  5,  but  will  bias  by  an 
angle  of  a  certain  degree  to  the  larger  diameter 
formed,  the  magnitude  of  the  bias  angle  will  vary 
with  cable  diameter.  As  it  is  no  good  to  forming 
technique  and  brings  more  trouble  in  finding  the 
forming  radii  at  various  points,  hence  not  adop- 
table. 

5.2.2  On  condition  that  the  half  edge  of  smaller 
diameter  formed  has  working  elongation  less  than 
that  available  for  the  other  half,  the  shorter 
half  model  length  can  be  forced  with  its  wrapping 
arc  and  overlap  sections  respectively  extended 
equal  to  the  corresponding  sections  of  the  other 
half  model,  the  final  state  remains  the  same  as 
shown  in  Fig.  5. 

In  order  that  the  position  of  butt  closure  will  not 
vary  with  cable  diameter,  the  specific  practice  is 
to  increase  in  proportion  the  formation  angle  of 
the  half  edge  of  smaller  diameter  merely  in  over¬ 
lap  section  to  eliminate  the  difference  in  length 
between  right  and  left  half  models,  and  let  Rl(o() 
and  R^  (o^')  of  the  half  model  d’  not  in  the  same 

longitudinal  position  of  the  model,  to  which  ae 
previously  should  be  corresponded,  but  let  R2(0<) 

and  R£(  0<!,)  of  the  half  model  d"  respectively  cor¬ 
respond  to  Z2(o<)  and  Z^(o^). 

Since  the  overlap  section  of  either  right  or  left 
half  model  is  regarded  as  a  truncated  cone,  the 
formation  radii  at  the  terminals  of  both  wrapping 
arc  and  overlap  sections  being  known,  two  straight 
lines  can  be  respectively  linked  on  the  model 
diagram  without  finding  the  formation  radii  at 
other  points  in  overlap  section  by  calculation. 

It  is  apparently  easier  to  use  this  method  for 
longitudinal  correction. 

5.3  Parameters  for  Longitudinal  Wrap  Hodel 

After  the  above  two  corrections,  the  parameters 
for  longitudinal  wrap  model  of  uniform  circular 
contraction  formation  are: 

5.3.1  Wrapping  Arc  Section  (OiKj  90°) : 

5. 3. 1.1  The  half  tape  of  diameter  d* 

R  (oC'i  -  0.5318d’  ±  0.6366 

1  sin  o( 

+  (0.3036d>  +  0.3634)cot<X  (17) 

Z1  (cX)  =  z2(cX) 

=  ( 0.4206(d’  +  2)  +  0.5034 J*<X°  (28) 

5. 3.1.2  The  half  of  diameter  d" 

R  (oO  f0.5318(d'  ±  2)  +  0.6366 

2  '  sin  (X 

+  0.3036(d>  +  2)  +  0.3634  cotlX  (29) 
Z2  (OC)  =|'0.4206(d'  +  2)  +  0.5034 J.pf  (28) 
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5.3.2  Overlap  Section 


5. 3. 2.1  The  half  tape  of  diameter  d' 

R,  (<*})  =  (0.5318d>  +  0.6366) 

_  (0.03183d'  +  0.6366)d' 

5.7296d'  +114.592  1  (26) 


z1  (oq) 


ZJ(£Xp 


(0.4206(d>  +  2)  +  0.5034]  •  ( 0<2 ) 


5. 3. 2. 2  The  half  of  diameter  d" 

R2  (&P  =(0.5318(d'  +  2)  +  D.6366] 

£0.03l83(d- +2)+0.636^(d' *2) ,  ,0 

5.7296(d'  +2)+1 1 4.592  ku<2j 

Zptfp  >(0.4206(d'+2)+O.5034]-(o^)° 


(30) 

(31) 
(30) 


where  in  the  half  tape  of  diameter  d' 

O^cKi  ^  ^  -(  5.7296(1+|2) |° 

in  the  half  of  diameter  d" 

0  *o<2  is  ~  [  5-7296(1^2-)] 


(19) 

(32) 


The  corresponding  relationship  of  both  R|  ( CX} )~ 
Zpo(p  and  R£(p<£)  ^Z'2(oCz)  depends  on  boundary 

condition  by  means  of  straight-line  schematic 
method. 


Z  in  the  shortest  formation,  corresponding  to  equa¬ 
tion  (2).  From  equation  (34)is  listed  Table  2  to 
compare  the  variation  of  the  formation  angle  in 
the  shortest  and  uniform  formations. 

In  addition, 


dS  =  (dx)2  +  (dy)2  +  (dz)2 


As  lc  £  1.002  ,  the  solution  gives: 

WS?  * 29,4423d  (36) 

Accordingly,  the  major  parameters  for  the  overlap 
longitudinal  wrap  model  in  the  shortest  formation 
are  as  follows: 

6.1  The  correction  in  process  not  Involved: 

6.1.1  Wrapping  arc  section  (0  5  5  90°) 

R(oo  -  0.^1  dd'  +  o«6266 

1  ’  sinCX 

+(0.3036  d'  +  0.3634) cot  (17) 

ZloC)  ,  (2d.J84Qd'  3.  117.769311^ 

(0(>  7ttg*+  2  y3,) 

6.1.2  Overlap  section  (0  £  cX  ■$-£i) 


6.  The  Shortest  Circular  Contraction  Formation 
Model 


When  a  tape  undergoes  circular  contraction,  forma¬ 
tion  angle  is  not  in  a  linear  relationship  with  the 
model  length.  Assuming  the  spatial  curve  be  a 
straight  line  and  keeping  /<  irl .002  then,  the 
model  length  would  be  the  shortest.  The  advantage 
ia  that  the  relative  elongation  of  any  section  of 
the  tape  edge  is  entirely  equal  so  that  material 
characteristics  can  be  brought  into  full  play  to 
make  forming  tooling  the  shortest  while  the  forma¬ 
tion  angle  will  not  uniformly  vary  with  tooling 
length.  Bat  the  results  would  preferrable  be  veri¬ 
fied  by  teste. 


For  the  shortest  circular  contraction  formation, 
there  is:  ltd 


y  - 


Ad 

2 

t  2 

tgo<« 


-  r  * 2 

Lm 


'  r(1 


r> 


(33) 


2Z 

Kl  lm- Z) 


hereby 
z  . 

7ttg0(+  2 

Equation  (34)  shows  the  relationship  between 


(34) 

and 


R’  ( (*’ ) 


Z'(fX') 


(0.5318d>  +  O.6366) 


(0.03163d1  +  0.6366)d’ 
5.7296d'  +  114.592 


■«*') 


0 


7r/mtg(90°+g<'  ) 

A-tg(90°+o<')+2 

lm 


—  l/n 


j-  cot(X 1  -  1 


(26) 


31.3l66d'  +  37.4871 
Y~  cot<X'  -  1 


(38) 


6.2  Both  transverse  end  longitudinal  corrections 
taken  into  comprehensive  account 

6.2.1  Wrapping  arc  section  (0£<X£90°) 

6. 2. 1.1  The' half  tape  of  diameter  d’ 


R/cX) 

z ,(«) 


_  0.5318d'  +  0.6366 
sin  cX 

+  (0.3036d'  +  0.3634)cot  (X 

=  z2(«) 

198. 3840  (d1 +2  )+11 7.769 3ltg<X 
TTtgOfr  2 


(17) 

(39) 
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6. 2. 1.2  The  half  of  diameter  d" 

[^(iX)  J °-»18(d'  +  2)  +  0.63661 

+(0.3036(d'  +  2)  +  O.3634jcoto<  (29) 

2  trV\  -  (98.3840(d'  t2)t  117.76931  tg o< 

;  "  71  tg  (X  +  2  (39) 

6.2.2  Overlap  Section 

of° 

(In  the  half  tape  of  diameter  d',  0^o(.  <  — — 

4  4 

is  defined  by  equation  (19)  while  in  the  half  of 
diameter  d",  0^0<£fe. — by  equation 
(32)  ) 

6. 2. 2.1  The  half  tape  of  diameter  d" 


RJ  ((*})=  (0.5313d'  +  0.6366) 

(0.03183d1  +  0.6366)d’ .  , . 
5.7296d'  +  114.592 

2'(o(j)=  Z1^1) 

=  31.3l66(d'  +  2)  +  37.4871 
~coto<'2  -  1 


(26) 


(40) 


6. 2. 2. 2  The  half  of  diameter  d" 


R^(^)=  0.5318(d'  +  2)  +  0.6366 

fo»03133(d1  +  2)  +  0.6366td1  +  21 


5 . 7296 (d1  t  2)  +  114.592 


(o<'2) 


z<  (ex' 1  )= 

“2^2'  n 


.+  2)  +  37.4871 


2-cot  <*•  - 


(31) 

(40) 


So  the  comparison  data  for  longitudinal  wrap  model 
length  in  both  the  shortest  and  uniform  circular 
formations  are  shown  in  Table  3. 

Relative  elongation 


In  the  shortest  deformation 
<£  =  max  =  0.20%  =  constant 


is  in  the  range  of  0  I^as  shown  in  Fig.2, 

2  4 

practically,  0~110°. 

Since  first-order  derivative  of  function  — is 
zero  at  o4=  0  by  Roberta  Law. 

llmjLf  slntXl  =  ii0  <Kcpso4  aino< 

Oi-^0  /V  Zj2 


£*•> O 
=  lim(  slatX  ) 
2 


Also,  second-order  derivative  of  function  - 

PC 


negative  by  Roberta  Law 
iid 

<*->o  dcC  ^ 

_  lio  -O(3sin0f-  2Q(2co8o<+  2tXsin6>< 

u+o  2  c<A 

=  lim  -°A  sinO}-  2  CX  cos  iX+  2  sinQ< 

oc-*0 

— 232  sintxf—  Q^cos  02  +  2o<sinc^ 
3(X2  ~ 


is 


=  lim 
°<->c 


=  U»  (=S2fti)  -4- 
of+o  J  j 

So  function  — ^  yields  maximum  value  at<X  =  0. 
<f  max  =  0.0012933  +  0.001 1106lim 

o(->o 

-  0.0012933  +  0.0011106 


=  0.0024039  =  0.2404} 

The  relative  elongations  of  various  points  in  for¬ 
mation  section  with  angle  range  0  -  110°  in  uniform 
formation  are  listed  in  Table  4. 


In  uniform  and  shortest  formations  the  correspon¬ 
ding  relationship  between  the  relative  elongation 
of  tape  edge  against  tape  center  in  width  and 
various  formation  angles  along  the  length  of  longi¬ 
tudinal  wrapping  tooling  is  shown  in  rxg.7.  The 
two  curves  in  the  graph  are  also  respectively  ap¬ 
plicable  to  the  corresponding  relationship  between 
relative  elongation  and  tooling  length  in  the  two 
different  formations. 


In  uniform  formation,  substituting  the  for¬ 
mula  characterized  by  radian  gives 

S(CX)  =  22.6837d  0.02l6sinc< 

Z(0<)  -  22.6544d>  &< 

•  <£  .  2«fl??3  ,  0.02516  .  sin ^ 

22.6544  22.6544  o< 

»  0.0012933  +  0.0011106*  s^~ 

-  0.0012933  +  0.06363 

C<° 

In  overlap  longitudinal  wrap,  whole  formation  angle 


7.  Miscellaneous 

7.1  Base  Lino  of  Longitudinal  Wrap  Modal 

The  base  line  of  longitudinal  wrap  model  can  be  de¬ 
signed  as  a  curve  that  accords  with  the  rule  of 
gradually  contracting  formation  circle,  or  as  a 
straight  line.  As  long  as  the  terminal  center  of 
longitudinal  wrap  model  is  ensured  to  be  coincident 
with  cable  center,  it  is  not  quite  necessary  for 
the  formation  circle  center  of  tape  to  be  in  coin¬ 
cidence  with  the  axial  line  of  cable  core.  As  a 
result,  the  base  line  of  longitudinal  wrap  model 
coincides  with  Z  axis  so  as  to  simplify  the  design 
of  longitudinal  wrap  tooling. 
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7.2  Tape  Width  Required  for  Longitudinal  Wrap 

7.2.1  Butt  Longitudinal  Wrap 

When  butt  longitudinal  wrap  is  applied,  the  tape  is 
rolled  up  into  a  complete  circle.  Assuming  tape 
thickness  be  A  2,  it  generates: 

b  =  71  (d*  -4  2)  (41) 

7.2.2  Overlap  Longitudinal  Wrap 


during  longitudinal  wrapping  to  guarantee  the 
quality  of  heat-sealing  and  roll-siting,  it  should 
be  noted  that  the  top  view  projection  of  cable 
axial  line  should  be  coincident  with  the  base  line 
of  long  tooling  and  laminated  shield  tape.  Since 
there  is  difference  in  diameters  of  the  left  and 
right  halves  of  the  latter  two  after  longitudinally 
wrapped,  the  base  lines  should  be  plotted  at  the 
point  of  ?r/2  mm,  away  from  the  geometric  central 
line  of  tape  width,  biasing  towards  the  half  tape 
of  smaller  diameter  with  longitudinal  wrap. 


Taking  long  tooling  for  longitudinal  wrap  as  an 
example,  one  half  tape  will  pass  through  the  gap  in 
overlap  of  the  tooling.  As  previously  described, 
the  outer  diameter  of  laminated  shield  tape  after 
longitudinally  wrapped  is  d'  while  that  of  the 
other  half  model  during  overlap  longitudinal  wrap 
is  d'  +2,  considering  the  gap  of  tape  will  be  eli¬ 
minated  by  bonding,  sizing  and  rolling  upon  the 
completion  of  longitudinal  wrap,  the  intermediate 
status,  therefore,  should  be  selected  in  effect  for 
the  gap  of  tape  in  longitudinal  wrap,  that  is: 

b  *(<^-02)  ,  *((d'  -42)1+1 ,  r 

=  7td'  -7TA2  +  ~~  +  (  ---  +  4) 

=  3.34d'  +  4.57  mm  (.4-2) 


7.5  Design  of  Long  Tooling  for  Longitudinal  Wrap 
(in  the  case  of  uniform  formation) 

Besides  the  fore-mentioned  related  formulas  to  be 
used,  some  other  minor  parameters  need  to  be  found 
so  that  a  complete  drawing  of  a  long  tooling  for 
longitudinal  wrap  can  be  provided.  Here,  special 
attention  should  be  paid  to  that  what  the  geometric 
model  of  longitudinal  wrap  expresses  is  the 
neutral  line  position  of  tape. 

7.5.1  Front  View 

7. 5. 1.1  Finding  the  lengths  of  toolings  corres¬ 
ponding  to  various  formation  angles 

From  Fig.  1,  according  to  equations  (28),  (43)  and 
(44)  it  gives: 


Where  the  thickness  of  A1  -  plastic  laminated 
shield  tape  A  2=0.3  mm 

7.3  Material  Width  of  Long  Tooling  for  Longitudi¬ 
nal  Wrap 


The  terminal  inner  diameter  D'  of  long  tooling  for 
longitudinal  wrap  can  be  a  little  larger  than  the 
outer  diameter  d'  of  longitudinally  wrapped  tape. 
When  d'  6  15  mm,  taking  D'  =  d'  =  0.5  mm,  after 
that,  the  Increment  of  d'  by  5  mm  increases  D'  by 
0.1  am,  the  material  thickness  of  long  tooling 
•dl  =  0.8  mm  being  known,  the  inside  bore  diameter 
of  one  half  tooling  is 

D'  -  O'  +  0-5  +  d'  ;  ^  *  0.1 


Z2(CX)  =  [0.4206(D'  +  2  +2il)  +  0.5034}  • CX 0 
=  [0.4206(1. 02d'  +  3)  +  0.50341  'CK° 

(46) 

Find  each  corresponding  Z,  when  <x°  “  0°,  5°,10°... 
90°,  (90°  +  _2&j_) 

4 


From  equations  (31)  and  (44), 


5.7296  [l  + 


20 

1 .02d' +3 


]' 


(47) 


7. 5. 1.2  Finding  the  height  of  the  neutral  line  on 
tooling  edge  at  crimple  circle  from 
neutral  base 


=  1.02d'  +  0.2  mm 
and  that  of  the  other  half  la 
D*  •  D*  +  2  mm 


(43) 

(44) 


From  Fig.  3,  based  on  equations  (17),  (43)  and  (29) 
(44)  it  gives: 

r  (o()  =  0*5318(1 .02d'  tilt  0.6366 
1 x  sin  CX 


hereby  the  material  width  of  long  tooling  is 
7T(D'  +41)  .  *(D'  +41)  +2 

B*  2 - 1  +  j 

+  ((,p-  ±*ii  ±  i  +  4) 

-  3.41d'  +  10  am  (45) 

7.4  Relationship  in  The  Positions  of  Cable  Axial 
Line,  paginated  Shield  Tape  and  Long  Tooling 
for  Longitudinal  Wrap 

In  order  to  avoid  twisting  of  laminated  shield  tape 


+  / 0.3036  (l.02d'  +1)+  0.3634]  cotoC 

(48) 

R  (0/ )  „  0.5318(1 ,02d'  +  3)  +  0.6366 
2'  sin  CX, 

+  [  0.3036  (1.02a*  +  3)+  0.3634]  cotX 

J  (49) 


Again,  from 

h1  =  2R1  (cK j  -  sin2^  (50) 

h2  =  2R2(oO  •  sln2^  (51) 
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find  the  corresponding  h.  and  lu  when  £X°  =  0°,  5°,  Use  formulas 

10°,  ...  90°  in  wrapping1  arc  section.  =  R^((X) 

From  Fig.  4,  based  on  equations  (26),  (43)  and  (31)  m  a  o 

(44),  it  leads  to:  2  2 


R}(0(})  -  ( 0.5318(1. 02d'  +  1)  +  0.6366] 
(0.03183(1.02d'  +  1) 

-  +  0,6366 }  (1 ,02d' _ +  1 ) _  ln/<)°  (52) 

5.7296(1 ,02d'  +  1) +114. 592  k<x1;  v>  ’ 

in  which, 

O^c*.)0  *  ^^  5.7296  (u^-f  (53) 

R^(CX'^)  =(0.5318(1. 02d*  +  3)+  0.6366J 
(0.03183(1. 02d<  +  3) 

-  ±  0.636^Kl.02d'  +  3)  /  .  ,c,s 

5.7296(1.02d'  +  3)+1 14.592 l0>2; 

CK°  0(° 

where,  0  £  ( of2)°^  “£"»  ~£~  is  determined  by 

equation  (47). 

Again  from 

h;  =  2R* ( C<* )  (55) 

h]  =  2R'(o(-)  (56) 

find  h^and  corresponding  to  beginning  and  end 

locations  in  wrapping  arc  section.  In  practice, 
h^  and  h£  at  the  beginning  location  of  overlap 

section  are  respectively  equal  to  h|  and  h^  at  the 
end  location  of  wrapping  arc  section. 


to  find  out  corresponding  H1 and  when  C*  ■  45°, 
50°,  55°,... 90° 

Use  formulas 

M'  =  R^(C^) 

^  =  «2<*P 

to  find  out  and  corresponding  to  the  begin¬ 
ning  and  end  locations  of  overlap  section.  and 
at  the  beginning  location  of  overlap  section  are 
in  fact  respectively  equal  to  the  and  at  the 
end  locations  of  wrapping  arc  section. 

7. 5. 2. 3  Find  the  distance  from  the  neutral  point 
of  the  two  edges  of  tooling  with  the  terminals 
overlapped  to  the  vertical  axis  plane  of  the 
tooling  to  determine  the  final  overlap  position. 
From  Fig.  2,  according  to  equation  (59)  and  (60), 
it  gives: 

T1  =  (D1  +/d1)  3in— ^  cos-^— / 

=  sin(2^)  (59) 

T2  =  (D1  +2)1  +  2)sii£j4os^-Z 

=  ^  +■»  sin(2*^)  (60) 

7.5.3  Left  View 


7.5.2  Top  View 

7. 5. 2.1  Finding  the  distance  from  the  neutral  line 
on  both  edges  of  the  tooling  at  crimping 
circle  to  vertical  axis  plane. 

From  Fig.  3,  based  on  equation  (1),  (43)  and  (1), 
(44),  it  yields: 

W1  =  f^cosc* 

^(1.02d>  +  1  )(1+  0.5708  cos  of)  .  coso<  (57) 
W2  «  C2coso^ 

-  (1 ,02d'  +  3) (1  +  0.5708  coso<)  .  coso<  (58) 

Because  the  butt  closure  of  left  and  right  half 
tooling  is  implemented  as<X=  90°,  we  can  find  the 
corresponding  and  V2  when  £X=  0°, 5°, 10°, ...90°, 
W1  +  «2  is  the  width  B  of  tooling  when  not  crimped. 

7. 5. 2. 2  Finding  the  distance  from  the  profile  of 
tooling  bounded  by  the  neutral  line  of  the 
edge  to  vertical  axis  plane  of  tooling. 


It  can  be  plotted  out  from  the  front  and  vertical 
views.  And  plot  the  formation  trajectory  of  two 
cardioid  curves  located  on  the  right  and  left 
sides  of  0Y  axis  based  on  the  neutral  layer  of  . 
tooling  tape.  In  case  of  need  mark  o^cj  and  at 

4  4 

the  final  overlap  location  and  the  thickness  1 
of  tooling  tape. 

7.5.4  Sectional  View 

Plot  the  cross  sectional  view  at  various  corres¬ 
ponding  tooling  lengths  when  L:<=  0°,  5°,  10°,  ... 

90°  t  and  mark  on  the  view  R^  R2,  h^  h2,  W  , 

W2,  of  right  and  left  half  tooling  in  the  course 
of  formation,  and  also  the  thickness  Ay  of  the 

tooling  tape,  if  necessary.  After  long  tooling 
for  longitudinal  wrap  is  drawn  on  the  scale  of  1:1, 
notes  should  be  added  to  illustrate  that  the  graph 
sizes  are  calculated  on  the  basis  of  the  neutral 
layer  of  tooling  tape  so  as  to  draw  special  atten¬ 
tion  when  a  tooling  model  is  made  in  accordance 
with  the  sectional  viev. 
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Fig.  7 

1.  Uniform  Formation 

2.  Shortest  Formation 


Table  1 


Table  2 


90d  . 

•  =  5P«in  1 

.-±d(1+O.57O8cos«0 

3(d+d») -osj 

4  -  cos  2 

r~ 

1  .5708  d 

1.5708  d 

1 . 5708  d 

;0 

1 .5696  d 

1.5686  a 

1.5687  d 

1.5621  d 

1.5626  d 

«  cv 

1.5528  d 
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1.5528  d 

:c° 
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1C3 
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1.4470  d 

■wC 

1 .41  42  d 

1 .4036  d 

1.4154  d 

50° 

1.3783  d 

1 .3669  d 

1.33  0  5  d 

1 .3405  d 

1 .3274  d 

1.3432  d 

-X3 

1 .2990  d 

1.2854  d 

1.3020  d 

’.2549  d 

1.2412  d 

1.2591  d 

7C3 

1 .2082  d 

1.1952  d 

1.2134  d 

1.1591  d 

1.1477  d 

1.1660  d 

o 

o 

1 .1030  d 

1.0991  d 

1.1161  d 

3  5° 

1 .0548  d 

1.0498  d 

1.0649  d 

ru1 

d 

d 

1.0117  d 

Formation 

Angle  0\ 

Model  Length 

of  WAS 

Shortest  Form 

Uniform  Xrm 

0 

,0 

:  = 

0.1  u 

,  o  „ , 

*♦  J 

0.2  (,- 

9°2' 

’ 

0.3  W 

1 5°13 1 

0*4  { \ 

23°0’ 

0.5  i* 

32°36' 

o” 

0«  6  1?! 

43°43' 
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68°3C' 
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Table  3 


LU  Model  Length  in  Uniform  Form  (a«)  LU  Model  Length  in  Shortest  Form(cm) 
of  Tape  (mm)  ,JAS  QS  Tote!  Length  WAS  CS  Total  Lengtr. 


C 

31C.28 

76.19 

10 

499.55 

84.81 

2C 

378.09 

104.64 

30 

1256.63 

130.00 

40 

1635.17 

153.67 

50 

2013.71 

177.50 

6C 

2392.25 

701.43 _ 

Table  4 

-hole 

Relative 

Whole 

Relative 

v.gle 

Elongation 

angle 

Elongation 

t(S) 

X* 

‘(j) 

C'° 

0.2404 

60° 

0.2222 

C . 2  40 3 

1  c° 

0.2398 

65° 

0.2181 

■5° 

0.2391 

70° 

0.2148 

2  <"'0 

0.2381 

75° 

0.2113 

25° 

0.2369 

80° 

0,2077 

iqO 

0.2354 

85° 

0.2038 

35° 

0.2336 

90° 

0.2000 

40° 

0.2316 

95° 

0.2033 

4v° 

0.2293 

100° 

0.2077 

;c° 

0.2268 

105° 

0.2113 

55° 

0.2241 

110° 

0.2148 

Note : 

MAS 

=  wrapping  arc  section 

IV 

=  Longitudinal  wrapping 

OS 

-  overlap  section 

336. 

5 

294.19 

83.84 

333. C 

534. 

4 

413.29 

85.33 

493.6 

982 

7 

726.45 

93. a 

319.9 

1386, 

0 

1039.62 

117.32 

1156.9 

1783, 

8 

1  352.78 

134.32 

1 4.37. 1 

2191 

2 
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1 44.84 

131C.8 
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170.37 

2149.5 
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ABSTRACT 

Commercial  foam,  skin  insulations  exhibit  unexpectedly  rapid 
accelerated  aging  failures  when  evaluated  with  a  new  cable  testing 
procedure.  The  filled  cable  is  preaged  in  an  air  oven  prior  to  removal  of  the 
insulated  wire  for  oven  aging  studies.  Two  failure  modes  are  observed,  w  ith 
rapid  cracking  of  ductile  insulation  specimens  occurtng  along  with 
oxidative  embrittlement.  Thermal  embrittlement  behavior  is  also  ev  ident. 
The  failure  rates  aregready  accelerated  by  the  cable  preaging  and  this  effect 
is  apparent  with  all  filling  compounds  and  insulation  materials  evaluated. 

Evaluations  of  commercial  and  experimental  polyethylene 
insulating  materials  were  conducted  to  determine  if  improved  foam  skin 
insulation  life  expectancy  can  be  obtained.  A  major  improvement  is 
demonstrated  via  optimization  of  the  cellular  product  antioxidant  system. 

mRl>PLlTIQN 

Foam  skin  insulations  have  generally  provided  good  performance 
in  the  10  years  since  commercial  introduction.  This  experience 
encompasses  a  broad  range  of  application  including  the  relatively  severe 
env  ironmenty  of  installations  in  the  southern  and  southwestern  regions  of 
die  I'nited  States.  A  thermal-oxidative  history  in  these  severe  climates1 
typically  corresponds  to  much  longer  aging  elsewhere.  Therefore, 
experience  to  date  gives  confidence  that  the  majority  of  foam/skin  plant  in 
moderate  climates  will  provide  good  service  life.  Less  certain  is  the 
continued  good  performance  of  foamskin  insulations  in  the  more  severe 
environments. 

Previous  studies2  M  have  extrapolated  accelerated  aging  data  to 
predict  marginal  commercial  performance  of  cellular  and  foam/skin 
insulations  after  cable  filler  exposure.  Because  of  uncertainties  regarding 
Arrhenius  extrapolation  of  the  elevated  temperature  data  to  application 
conditions,  it  is  difficult  to  gauge  the  extent  of  future  problems  (if  any?) 
with  current  commercial  products.  In  fact,  it  is  known  that  complex 
mechanisms  such  as  antioxidant  solubility  and  migration  can  be  highly 
nonlinear'  and  even  modest  temperature  extrapolation  can  be  erroneous. 
Nevertheless,  accelerated  aging  studies  with  minimal  temperature 
extrapolation  are  generally  recognized1-6  as  the  best  method  of  predicting 
long  term  performance. 

The  accelerated  aging  testing  methods  used  in  this  study  were 
developed  to  measure  the  compability  of  experimental  filler  compounds 
with  commercial  insulations.  Emphasis  is  placed  upon  aggressive 
conditioning  of  cables  prior  to  removal  of  insulation  samples  for  aging 


studies.  When  the  study  produced  unexpectedly  rapid  failuresof  numerous 
commercial  foamskin  insulation  samples,  a  technical  program  was 
initiated  to  develop  improved  insulations. 

TEST  METHOD 

The  cable  aging  test  is  presented  in  detail  in  the  complementary 
paper  by  L.E. Davis.  “A  Global  Test  Method  for  Long  Term  Stability  of 
Solid  and  Foam  Skin  Insulation.'*  The  test  method  is  summarized  below: 

Standard  processing  conditions  and  techniques  are  used  to 
insulate  the  primaries  and  to  assemble  these  into  filled  cables.  Insulation 
samples  removed  from  cable  as  received  or  after  manufacture  are  identified 
as  “regular’'  samples.  Additional  cable  sample  is  capped  and  placed  into  a 
circulating  air  oven  for  4  week  conditioning  at  70  C.  Insulation  samples 
undergoing  this  4  week  cable  conditioning  at  70  C  prior  to  removal  are 
identified  as  “preaged"  samples.  After  removal  from  the  cable,  the 
insulation  samples  are  thoroughly  wiped  to  remove  surface  filling 
compound.  For  each  sample,  a  set  of  at  least  20  insulation  specimen-*  about 
two  feet  long  is  prepared.  With  each  specie  *n.  a  first  pigtail  to  place  stress 
on  the  sample  is  formed  by  wrapping  the  insulator  about  itself.  The 
insulation  specimens  are  then  placed  in  a  vented  circulating  air  oven  w  ith 
accelerated  oven  aging  performed  at  70'  and  80  C  conditions,  with  ‘he  80 
C  condition  becoming  the  standard.  After  six  weeks  of  oven  aging  a  second 
pigtail  is  formed  in  each  specimen  to  simulate  stresses  associated  with 
periodic  reworking  of  commercial  installations.  In  addition.  3rd  and  4th 
pigtails  are  respectively  formed  after  50<7r  and  IU0C*  cracking  failure  of  the 
1st  pigtails  to  aid  in  definition  of  the  failure  mechanism.  Figure  1  illustrates 
the  pigtail  formations  while  Figure  2  show?*  a  testing  series  deployed  in  a 
circulating  air  oven. 

Figure  / 

First  pigtail 

Second  pigtail  formed 
alter  h  weeks  aging  of 
first  pigtail 

Thud  pigtail  formed 
after  50‘fr  failure  of 
1  irst  pigtail 

Four*  pigiatl  formed 
after  100'v  failure  of 
first  pigtail 
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The  test  has  several  significant  differences  as  compared  to  the  Bell 
Thermal  Oxidative  Stability  Performance  Test7  (Bell  Pedestal  Test)  which 
has  become  an  industry  standard  for  evaluating  long  term  aging 
performance.  Most  important  is  the  70°C  four  week  preaging  of  cable 
samples  prior  to  the  removal  of  primaries  for  oven  aging  studies.  This 
preaging  simulates  commercial  applications,  since  cables  often  experience 
a  substantial  time/temperature  history  prior  to  exposure  of  the  insulation  in 
a  pedestal  environment.  Utilizing  reduced  test  temperatures  of  70°  and 
80 XT  while  providing  quantified  performance  differentiation  within  a  year 
is  also  advantageous  in  minimizing  error  from  nonlinear  temperature 
effects.  The  technique  of  stressing  the  insulation  by  forming  a  pigtail  has 
been  used  in  many  studies.  For  example,  “periodic"  pigtail  stressing  and 
inspection  was  included  in  the  original  Bell  Experimental  Eedestal 
Installation  Complex  (EPIC  test)  protocol8.  The  use  of  1st  and  2nd  pigtails 
to  investigate  thermal  aging  phenomena  is  a  more  novel  approach  yielding 
interesting  data.  Use  v»f  a  circulating  air  oven  to  accelerate  air  flows 
provides  a  desirable  safety  margin  relative  to  the  much  longer  oxidative 
aging  of  commercial  pedestals.  With  the  exception  of  the  air  flow 
consideration,  these  features  could  be  readily  incorporated  into  a  Pedestal 
test  methodology. 

IOMMERCLAL..CAPLE 

Cables  from  several  manufacturers  were  evaluated  to  determine 
variation  in  test  results  due  to  differences  in  insulation  compounds,  filling 
materials,  and  manufacturing.  This  test  data  is  presented  in  Table  1A. 
Preaged  samples  failed  rapidly  compared  to  regular  samples.  Third  and 
fourth  pigtail  data  (Table  1 B)  for  the  80°C  aging  show  preaged  specimens 
were  typically  ductile  after  1st  pigtail  cracking  failure,  while  the  regular  (no 
f  preaging)  samples  were  embrittled.  Cables  supplied  by  a  single 

manufacturer  show  that  a  wide  range  of  cable  performance  can  be  expected. 
Each  manufacturer  included  produced  cables  which  exhibited  early  failure. 

Variation  in  insulating  compound,  filler  material,  or 
manufacturing  differences  between  cablers  didn’t  appear  to  alter  the 
general  tendency  of  the  foam/skin  insulation  to  exhibit  relatively  rapid 
crack  failure.  An  insulating  process  correlation  wasn’t  apparent,  since 
insulation  from  supplier  B  showing  gross  process  variation  (highly 
elongated  cell  structure  and  porosity  in  the  skin  layer  under  microscopic 
examination)  exhibited  aging  performance  equal  to  insulations  with  good 
cell  structure. 


Significant  variation  in  relative  time  to  failure  for  first  and  second 
pigtails  was  observed.  Second  pigtails  often  failed  sooner  than  the  first 
pigtails.  When  the  six  week  interval  in  the  oven  before  forming  the  second 
pigtail  was  subtracted,  second  pigtails  never  survive  longer  then  first 
pigtails.  This  comparison  of  1  st  and  2nd  pigtail  data  suggests  the  presence 
of  a  thermal  embrittlement  mechanism. 

ALTERNATE  COMMERCIAL  MATERIALS 

Commercial  insulation  materials  from  various  suppliers  were 
evaluated.  Linear  low  density  polyethylene  was  also  included  as  a  skin 
material.  It  has  been  shown’  that  chemical  blowing  agent  residuals 
subtantially  reduce  the  oxidative  stability  of  cellular  insulations. 
Therefore,  a  HDPE  cellular  insulation  containing  a  50  percent  increase  in 
AO-1  (lrganox  1010)  primary  antioxidant  level  was  also  evaluated. 

7  able  2  A  summarizes  the  results  obtained  from  this  testcable.  The 
results  are  similar  to  those  achieved  with  commercial  cable  samples.  Once 
again,  preaging  substantially  reduced  the  lime  to  insulation  failure.  Hie 
increased  AO-1  primary  antioxidant  provided  only  a  slight  improvement. 

Table  2B  summerizes  the  3rd  and  4th  pigtail  testing.  All  of  the 
preaged  samples  exhibited  ductility  at  50%  (3rd  pigtail)  and  100%  (4th 
pigtail)  failure  of  the  1st  pigtails.  With  the  exception  of  the  cellular  only 
insulation  (approximately  30%  expansion),  all  of  the  regular  samples  were 
embrittled  before  100%  failure  of  the  first  pigtails.  In  general,  preaged 
samples  exhibited  rapid  cracking  where  good  specimen  ductility  remains. 
Regular  samples  typically  failed  after  a  longer  interval  due  to  thermal- 
oxidative  embrittlement. 

Environmental  stress  cracking  was  postulated  as  a  mechanism  for 
the  rapid  failure  of  preaged  samples.  It  was  thought  that  the  absorbtion  of 
cable  filling  compounds  during  preaging  might  introduce  a  stress  cracking 
agent.  It  was  recognized  that  classical  environmental  stress  cracking  failure 
is  a  surface  phenomena  that  doesn't  include  the  filler  migration  and 
swelling  of  polyethylene.  Nevertheless,  the  character  of  the  ductile 
specimen  cracking  suggested  that  improved  environmental  stress  cracking 
performance  should  be  the  priority  of  the  next  experimental  trials. 

EXPERIMENTAL  MATERIAL 

A  number  of  material  combinations  to  improve  environmental 
stress  cracking  performance  were  evaluated.  Changes  in  the  HDPE  skin 
included  use  of  ethylene-hexene  copolymer  in  place  of  ethylene-butene 
copolymer  as  the  HDPE  base  resin.  In  addition,  rubber  and  nucleating  agent 
additives  were  evaluated  in  the  skin  materials.  In  the  cellular  product, 
ethylene-hexene  copolymer  foam  was  also  tested,  both  with  and  without  a 
processing  aid  additive.  The  ethylene-hexene  foam  materials  exhibited 
preblow  due  to  pilot  plant  equipment  limitations,  but  it  was  decided  to 
proceed  with  cable  fabrication  and  testing.  To  ensure  adequate 
stabilization,  these  pilot  plant  cellular  compounds  were  formulated  at  50% 
higher  antioxidant  concentrations  of  both  the  AO-1  andMD-1  components. 
A  control  sample  of  ethylene-butene  foam/skin  was  included  and  a  portion 
of  this  insulation  was  exposed  to  a  20  megarad  electron  beam  to  crosslink 
fire  high  density  polyethylene. 

Table  3A  summerizes  70°C  oven  aging  results.  Once  again,  the 
preaged  samples  failed  rapidly  compared  to  regular  samples.  As  before, 
preaged  specimens  were  ductile  after  cracking  failure,  while  the  regular 
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samples  were  embrittled.  With  the  exception  of  slightly  longer  lime  to 
failure  for  two  of  the  insulation  combinations  containing  the  ethylene- 
hexene  foam  compound,  no  significant  trends  were  noticed  in  the  data.  The 
only  significant  difference  occurred  for  the  ethylene-hexene  foam  with  an 
ethylene-butene  skin  which  exhibited  reduced  tensile  elongation  at  the  1st 
pigtail  50%  failure  level. 

Table  3B  contains  the  80°C  oven  aging  data  for  this  test  cable.  The 
three  insulation  combinations  incorporating  ethylene-hexene  foam  show 
slightly  improved  1st  pigtail  performance  after  preaging.  In  addition  the 
third  and  fourth  pigtail  data  shows  some  embrittlement  when  1st  pigtail 
failure  occurred.  This  change  from  ductile  to  embrittled  specimens  at 
failure  corresponds  to  a  change  to  classical  thermal-oxidative  failure.  It 
was  thought  that  improved  cellular  product  quality  might  provide 
additional  performance  gains. 


REPEAT  OF  HEXENE  HIGH  DENSITY  POLYETHYLENE 

LQPQLYMER 

Additional  trials  were  completed  with  ethylene-hexene 
copolymer  cellular  as  summarized  in  Table  4.  The  ethylene-butene 
copolymer  skin  and  foam  control  with  the  standard  antioxidant  formulation 
exhibited  the  best  performance  observed  to  date  for  this  combination. 
Samples  containing  hexene  copolymer  foam  with  increased  antioxidant 
performed  substantially  better  then  the  control.  In  addition,  the  ethylene- 
hexene  samples  showed  some  embrittlement  at  failure  as  indicated  by  the 
reduced  ability  to  form  3rd  and  4th  pigtails.  The  time  to  failure  of  the  2nd 
pigtail  was  also  increased  to  the  highest  level  observed  for  any  preaged 
foam  skin  insulation  aged  at  80°C.  These  results  established  that  improved 
performance  relative  to  both  failure  modes  could  be  obtained  with  the 
combination  of  an  improved  antioxidant  system  and  ethylene-hexene 
copolymer  feedstocks. 


The  need  for  improved  stabilization  was  confirmed  by 
measurement  of  190°  C  aluminum  pan  Oxygen  Induction  Time  for  the 
ethylene-hexene  skin/ethylene-butene  foam  insulation  in  this  testing 
series.  As  Figure  3  illustrates,  there  w'as  a  dramatic  decrease  in  induction 
time  associated  with  the  4  week  preaging  of  the  cable  specimen  at  70°C. 
Additional  depletion  of  antioxidant  occurs  during  the80°C  oven  aging  with 
residual  OIT  induction  time  well  below  5  minutes  at  the  onset  of  sample 
cracking. 

F>cure  3 


•  Avfl'rtj'r  Simple  pan 
?  C  Days  "msu'*'*'*."!  caa’^o 

l-'C  !.!:•'  8»pCS-'Bi 

3  Et“Y'«',*-r'e»ene  •f'y'en*  D„’ene  foam 

t  P£  Pj  Cao  p 

The  dramatic  decrease  in  antioxidant  functionality  as  measured  by 
oxygen  induction  time  during  preaging  generated  a  question  regarding  the 
compatability  of  the  high  density  polyethylene  antioxidants  with  cable 
filler  ma.erials.  A  materials  testing  method  was  developed  to  optimize  the 
antioxidant  system  for  filled  cables.  This  work  is  summarized  in  detail  in 
the  complementary  paper  “Performance  of  HDPE  Insulation  Antioxidants 
in  Filled  Telephone  Cable  Applications.”  Among  the  findings  was  a  poor 
performance  of  the  AO- 1  flrganox  1010)  primary  antioxidant  after  4  week 
cable  filler  conditioning  at  70°C  Attempts  to  define  alternative  primary 
antioxidants  with  substantially  improved  filler  compatability  were 
unsuccessful.  However,  the  study  confirmed  that  the  MD-1  (Irganox  1024) 
metal  deactivator  currently  in  use  is  well  suited10  for  filled  cable 
applications.  Because  this  antioxidant  also  provides  primary  antioxidant 
functionality,  it  assumes  the  major  role  for  stabilization  after  extended  filler 
exposure.  The  bench  study  demonstrated  the  ability  to  increase  the  MD- 1 
concentration  to  provide  dramatically  improved  stabilization  after  filler 
immersion. 


WORK. IN  PROGRESS 

As  the  better  aging  performance  of  ethylene- hexene  cellulars  with 
improved  stabilization  became  apparent,  additional  experimental  cable 
was  prepared.  The  focus  of  this  testing  series  was  to  better  differentiate  the 
performance  gain  from  improved  stabilization  from  the  gain  achieved 
through  use  of  an  ethylene-hexene  base  resin. 

Four  concentrations  of  the  MD-  i  antioxidant  were  evaluated  in  an 
ethylene-butene  cellulars  which  were  combined  with  both  ethylene-butene 
and  ethylene-hexene  skins.  Increased  MD-1  antioxidant  concentrations 
were  also  evaluated  to  a  lesser  extent  in  the  ethylene-hexene  skin.  Various 
combinations  of  these  materials  were  incorporated  into  foam/skin 
insulations  as  summarized  in  Table  5. 

The  preliminary  results  show  that  failure  rates  appear  to 
correspond  to  the  MD- 1  antioxidant  concentration  in  the  cellular.  Overall, 
the  failure  rates  for  all  samples  including  controls  appear  to  be  improved 
over  past  experimental  data.  There  is  a  significant  trend  showing  major 
improvement  in  oven  aging  life  as  the  MD-1  concentration  in  the  cellular 
product  is  increased.  The  data  trends  indicate  the  ethylene-butene  cellulars 
with  improved  stabilization  most  likely  provide  similar  life  performance  to 
ethylene-hexene  cellulars. 

SUMMARY 

It  is  well  known  that  polyethylene  insulations  can  fail  at 
considerable  accelerated  rates  after  exposure  to  cable  filling  compounds. 
More  novel  are  testing  methods  and  data  showing  clear  evidence  of  thermal 
embrittlement  and  ductile  specimen  cracking  phenomena.  These  alternate 
failure  modes  were  typically  present  when  cable  samples  were  preaged 
prior  to  oven  aging  of  the  insulations.  These  failure  modes  were  more  rapid 
then  the  thermoxidative  embrittlement  failures  observed  in  prior  studies. 

The  wide  variance  in  performance  of  preaged  versus  regular 
samples,  both  in  oven  aging  failure  times  and  in  failure  mechanisms  is  of 
great  interes,.  Preaged  insulations  typically  exhibit  rapid  cracking  failure 
with  retained  specimen  ductility.  In  some  respects,  this  cracking  behavior 
is  characteristic  of  environmental  stress  cracking,  w  ith  good  retention  of 
specimen  tensile  strength,  tensile  elongation  and  ductility.  However. 
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attempts  to  improve  aging  performance  by  materials  optimization  to 
provide  improved  environmental  stress  cracking  performance  didn’t  yield 
a  significant  improvement.  In  the  course  of  these  studies,  poor  retention  of 
antioxidant  functionality  as  measured  by  190°C  Oxygen  Induction  Time 
was  found  to  coincide  with  the  cable  preaging  for  4  weeks  at  10°C. 

A  separate  laboratory  study  was  initiated  to  investigate  the 
performance  of  the  antioxidant  system  during  extended  filler  contact.  This 
program  revealed  that  the  AO-1  primary  antioxidant  was  ineffective  after 
extended  filler  contact.  The  bifunctional  metal  deactivator/hindered 
phenolic.  MD-1,  provided  much  better  functionality  retention  after  filler 
aging.  Testing  confirmed  the  capability  to  substantially  improve 
stabilization  by  increasing  the  MD-1  concentration. 

The  failure  mechanisms  for  preaged  insulations  apparently 
include  a  strong  oxidative  synergism,  since  antioxidant  system 
optimization  provides  a  major  improvement  in  life  performance.  It  is 
interesting  that  the  antioxidant  optimization  also  provides  a  change  in 
failure  mechanism.  Samples  incorporating  cellulars  with  improved 
antioxidant  show  substantially  longer  life  but  are  more  likely  to  be 
embrittled  at  failure.  This  suggests  that  further  antioxidant  system 
optimization  might  provide  additional  gains  in  aging  performance, 
although  the  cost/benefit  of  any  such  improvement  should  be  carefully 
evaluated.  In  addition,  it  appears  that  the  thermal  embrittlement  behavior 
contributing  to  the  faster  failure  of  second  pigtails  can  be  minimized  by 
antioxidant  optimization.  Although  these  second  pigtails  continue  to  fail 
at  slightly  faster  rates,  the  relative  magnitude  and  importance  of  the 
difference  is  reduced  by  the  significant  increase  in  insulation  life. 

Work  is  continuing  to  quantify  the  relative  insulation  aging 
performance  of  ethylene- butene  versus  ethylene-hexene  high  density 
copolymers.  Preliminary  results  indicate  that  these  feedstocks  will  provide 
comparable  performance  if  properly  stabilized. 

This  study  was  pragmatic,  with  a  primary  objective  being 
demonstration  of  commercial  methods  to  substantially  improve  life 
performance.  A  solution  was  identified  by  study  of  polyethylene  materials 
and  antioxidant  systems.  It  is  known  that  other  variables  such  as  chemical 
blowing  agents  and  cable  fillers  materials  also  exhibit  a  major  influence 
upon  insulation  aging  performance.  The  presentation  of  test  methods 
provides  a  useful  tool  to  further  investigate  these  variables. 

CONCLUSIONS 

A  cable  testing  method  incorporating  features  simulating  the 
commercial  application  was  utilized  to  optimize  foam/skin  insulations  to 
provide  improved  long  term  aging  performance.  A  twofold  improvement 
in  the  accelerated  aging  performance  was  demonstrated  via  optization  of 
the  cellular  product  antioxidant  system.  Installed  foam/skin  insulations 
have  generally  performed  well  for  ten  years,  and  this  substantial 
improvement  should  increase  confidence  relative  to  the  40  year  service  life 
desired  for  all  applications.  All  insulation  material  suppliers  and  cable 
producers  have  the  incentive  and  ability  to  rapidly  implement  improved 
cellular  product  stabilization  as  a  result  of  this  publication. 
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Table  1A 

24  Gauge  Foam  Skin  Commercial  Cable 
(Weeks  to  50%  Pigtail  Failure) 


Cable 

Supplier 

70°C 

80°C 

Preaged 

V  Pigtail 

Regular 

1“  Pigtail 

Preaged 

1“  Pigtail 

P  re  aged 

2~>  Pigtail 1 

Regular 

1*'  Pigtail 

Regular 

2M  Pigtail ' 

A1 

60 

61 

28 

27 

58 

50 

A2 

26 

59 

8 

11 

56 

48 

B1 

27 

66 

14 

13 

26 

27 

B2 

26 

72 

14 

12 

46 

42 

Cl 

26 

41 

10 

10 

61 

48 

C2 

17 

52 

13 

11 

24 

18 

D 

22 

45 

9 

15 

36 

38 

El 

18 

- 

7 

9 

35 

41 

E2 

- 

- 

28 

20 

-- 

Note:  1 .  Time  to  failure  for  2'”  pigtail  includes  aging  time  in  oven  before  formation  of  Z"  pigtails 
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Table  IB 

24  Gauge  Foam  Skin  Commercial  Cable 
(Can  Make  Pigtails  without  Cracking) 


Cable 

Supplier 

80°C 

Preaged 

Regular  | 

3',‘  Pigtail 

4m  Pigtail 

3rd  Pigtail 

4*’  Pigtail 

A1 

yes 

yes 

no 

no 

A2 

yes 

yes 

no 

no 

81 

yes 

no 

yes 

19/20 

82 

yes 

17/20 

no 

no 

Cl 

yes 

yes 

no 

no 

C2 

17/20 

18/20 

no 

no 

D 

yes 

yes 

yes 

no 

El 

yes 

yes 

no 

no 

E2 

yes 

no 

- 

- 
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Percent  Failure  Percent  Failure 


f 


Graph  1 


Cumulative  Failure  of  Commercial  Cable 
Preaged  at  70°C  and  Aged  at  80°C 
(%  Failure  vs.  Weeks) 
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Graph  2 


Cumulative  Failure  Of  Commercial  Cable 
Preaged  at  70°C  and  Aged  at  70°C 
(%  Failure  vs.  Weeks) 
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Table  2A 


Commercial  Materials 
(Weeks  to  50%  Pigtail  Failure) 


Foam 

Skin 

70°C 

SOX 

Material 

Supplier 

Material 

Supplier 

Preaged 

1*  Pigtail 

Regular 

Pigtail 

Preaged 
1**  Pigtail 

Preaged 1 
2*  Pigtail 

Regular 

I  -  Pigtail 

Regular1 

2"'  Pigtail 

HDPE 

LLDPE 

mi 

27 

42 

9 

8 

19 

14 

HDPE 

50% 

Increase 

Antioxidant 

■ 

LLDPE 

29 

51 

12 

12 

23 

22 

HDPE 

A 

PP 

B 

23 

66 

10 

10 

27 

26 

HDPE 

50% 

Increase 

Antioxidant 

A 

PP 

B 

26 

76 

13 

11 

30 

32 

HDPE 

50% 

Increase 

Antioxidant 

A 

a 

21 

44 

10 

-  '  -  | 

9 

18 

20 

HDPE 

50% 

increase 

Antioxidant 

A 

HDPE 

33 

53 

23 

16 

35 

27 

HDPE 

A 

HDPE 

c 

3° 

82 

13 

12 

40 

24 

HDPE 

A 

HDPE 

D 

30 

72 

12 

10 

28 

16 

Note:  1 .  Time  to  failure  for  2™  pigtail  includes  aging  time  in  the  oven  before  formation  of  2'"  pigtail. 


Table  2B 


Plasticity  Measured  by  Formation  of  3*  and  4"  Pigtails 


Foam 


Material  Supplier 


HUrfc 

HOPE 

50%  Increase 
Antioxidant 

HOPE 

HOPE 

50%  Increase 
Antioxidant 

HDPE 

50%  Increase 
Antioxidant 

HOPE 

50%  increase 
Antioxidant 

HOPE 

HDPE 


Material 

LLDPE 

LIDPE 

PP 

PP 

HDPE 

HDPE 

HDPE 


Skin 

Preaged 

Regular 

Supplier 

3d  Pigtail 
Can  Make 

(%> 

4*  Pigtail 
Can  Make 
(%) 

3d  Pigtail 
Can  Make 
(%) 

4”  Pigtail 
Can  Make 
(%) 

1 

100 

100 

0 

0 

n 

100 

100 

95 

0 

B 

100 

100 

0 

0 

B 

100 

100 

0 

0 

- 

100 

100 

100 

100 

A 

95 

100 

0 

0 

C 

100 

100 

0 

0 

J 

D 

100 

too 

0 

0 
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Table  3A 


Experimental  Materials  ' 
70  C  Aging 


Insulation 

Ethylene  Copolymer 

Preaged  Four  Weeks  at  70°C 

Regular  3 

Initial 

Weeks  to 

Preaged 

Elongation 

Weeks  to 

Elongation 

Skin 

Foam 

50%  Failure 

Elongation 

at  50% 

50%  Failure 

at  50% 

HDPE 

HDPE 

1st  Pigtail 

<%) 

Failure  (%) 

1st  Pigtail 

Failure  (%) 

Butene 

Butene 

32 

460 

380 

72 

<25 

Hexene 

Butene 

34 

490 

480 

80 

<  25 

Hexene 

Experimental 

44 

410 

410 

>  82 

<  25 

Hexene 

Hexene 

Experimental 

with 

Hexene  with 

34 

380 

390 

82 

<  25 

processing 

processing 

aid 

aid 

Butene 

Experimental 

46 

390 

170 

80 

<  25 

Hexene 

Butene 

with 

Butene 

30 

460 

475 

74 

<  25 

nucleating 

agent 

Butene 

Butene 

32 

380 

330 

78 

<  25 

and  Rubber 

Note  1.  The  stabilization  package  for  the  Butene  materials  was  01%  antioxidant  and  0.1%  metal 
deactivator.  The  Hexene  stabilization  package  0.15%  antioxidant  and  0.15%  metal 
deactivator. 

2  Wire  was  brittle  when  removed  from  oven. 

Table  3  B 

Experimental  Materials  1 
80  C  Aging 


Insulation 

Ethylene  Copolymer 

Preaged  Four  Weeks  at  70°C 

Regular 

Weeks  to  50%  Failure 

%  Pigtails  that 

Could  Be  Made 

Weeks  to  50%  Failure 

%  Pigtails  that 
Could  Bs  Made 

Skin 

HDPE 

Foam 

HDPE 

HB 

2nd 

Pigtail 

3rd 

Pigtail 

4th 

Pigtail 

1st 

Pigtail 

2nd 

Pigtail 

3rd 

Pigtail 

Butene 

Butene 

14 

10 

100 

34 

20 

0 

0 

Hexene 

Butene 

18 

10 

85 

40 

22 

0 

0 

Hexene 

Experimental 

Hexene 

22 

12 

0 

45 

26 

0 

0 

Hexene 

with 

processing 

aid 

Experimental 
Hexene  with 
processing 
aid 

20 

12 

0 

0 

36 

24 

0 

0 

Butene 

Experimental 

Hexene 

20 

12 

0 

0 

42 

26 

0 

0 

Butene 

with 

nucleating 

agent 

Butene 

16 

10 

100 

100 

40 

24 

0 

0 

Butene 

and 

Rubber 

Butene 

12 

8 

100 

100 

38 

20 

0 

0 

Butene 3 
x-linked 

Butene 3 
x-tinked 

18 

14 

100 

100 

38 

>  40 

0 

- 

Note  1  The  stabilization  package  tor  the  Hexene  was  0  15%  antioxidant  and  0  1 5%  metal  de activator 

The  stabilization  package  for  the  Butene  materials  was  0  1%  antioxidant  and  0  1%  metal  deactivator 
2  X  linked  by  electron  beam  of  20  mega  rad 
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Table  4 


High  Density  Polyethylene  -  Hexene  Copolymer  Repeat 
Preagea  Four  Weeks  at  70  C 


00  C 

— 

70  C 

Can  Make 

% 

Weeks  to  50%  Failure 

Can  Make 

% 

Skin 1 

Foam  1 

1st 

Pigtail 

2nd 

Pigtail 

3rd 

Pigtail 

4th 

Pigtail 

1st 

Pigtail 

2nd 

Pigtail 

3rd 

Pigtail 

4th 

Pigtail 

Butene 

28 

<  16 

88 

52 

60 

22 

92 

Hexene 

Butene 

40 

16 

100 

40 

64 

32 

96 

92 

Hexene 

Hexene 

48 

42 

84 

0 

Note  3 

54 

Hexene 

Hexene 

O'OCtrSS  '•g 
age  rt 

52 

42 

68 

4 

Note  4 

58 

Note  1  The  skin  materials  contained  0  15%  metal  dextrvator  and  0  18%  antioxidant. 

2  The  Butene  foam  contained  0  1%  metal  jeactk/ator  and  01%  antioxidant 
The  Hexene  foam  contained  0  15%  metal  deactivator  and  0.18%  antbxidant. 

3  36%  failure  at  68  weeks 

4  8%  failure  at  68  woks 


Table  5 


Comparison  of  Stabilization  Package  at  80“C 
After  40  Weeks  at  80“C 


Hexen 

e  Skin 

Butene  Foam 

%  Failure 

Antioxidant 

% 

%  Metal 

Deactivator 

Antioxidant 

% 

%  Metal 

Oeactlvator 

1st  Pigtail 

2nd  Pigtail 

0.18 

0.15 

0.10 

0.10 

80 

100 

0.20 

0.15 

0.10 

0.10 

16 

76 

0.15 

0.25 

0  10 

0.10 

16 

56 

0  20 

0  15 

0.15 

0.15 

0 

0 

0  15 

C.25 

0  1 5 

0.15 

0 

0 

0  20 

0.15 

0.15 

0.20 

0 

0 

0.20 

0.15 

0.15 

0.25 

0 

0 

0  15 

0  25 

0.15 

0.25 

.  0 

0 

0.15’ 

0.15’ 

0.10 

0  10 

72 

100 

0  15’ 

0.15’ 

0.10 

0.10 

100 

100? 

0  15' 

0.15’ 

0.15 

0  15 

0 

0 

Note:  1.  Butene  skin 


2.  100%  failure  in  under  16  weeks 
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Summary 

A  small  and  light  weight  active 
transceiver  cable  has  been  developed  and 
introduced  into  practical  use  for  local 
area  networks.  The  active  transceiver 
cable  was  designed  to  be  compatible  with 
the  standard  IEEE  802.3.  It  consists  of  a 
coaxial  cable  tap,  a  transceiver  module  and 
a  transceiver  cable. 

The  transceiver  module,  the  transceiver 
cable  termination  and  a  female  connector  of 
a  coaxial  tap  are  mounted  on  a  metal  frame 
and  are  molded  into  a  body  with  a  plastic 
resin.  The  all  transceiver  circuit  is 
molded  into  a  small  chip  and  mounted  on  a 
printed  circuit  board.  The  module,  the 
transceiver  cable  and  a  coaxial  tap  are 
joined  on  this  board. 

Since  the  hybrid  IC  in  the  module  are  very 
fragile  to  the  molding  pressure,  many 
techniques  were  employed  to  achieve  a 
successful  injection  molding. 

On  the  top  of  the  transceiver  unit,  the 
coaxial  cable  tap  block  is  fitted.  The  tap 
block  consists  of  two  halves:  a  connection 
block  and  a  clamping  block.  The  connection 
block  has  a  signal  probe  and  ground  probes 
on  the  cable  trough  .  The  coaxial  cable  is 
gripped  with  a  bolt  and  the  tap  block  is 
attached  to  the  transceiver  unit  with  two 
bolts.  The  installation  can  be  done  in  a 
short  time.  When  this  is  all  assembled  it 
makes  a  fine  conf igurat ion  suitable  for  use 
in  any  modern  office. 


I ntroduct i on 

Recently  local  area  networks  have  been 
widely  used  for  office  automation,  factory 
automation  and  laboratory  automation  in  our 
modern  information  society.  Among  several 
types  of  these  networks,  the  Ethernet  which 
is  standardized  as  IEEE802.3  is  one  of  the 
most  popular  networks  because  of  its  simple 
and  easy  expansion,  inexpensive  cost,  and 
high  transmitting  speed. 

The  growth  of  networks  brings  a  need 
for  development  of  small  and  fine 
configuration  transceiver  units  as  well  as 
fast  and  reliable  means  of  tapping  cables 


to  add  workstations. 

Traditional  transceiver  units  are  separated 
into  three  parts,  a  big  coaxial  cable  tap, 
a  big  transceiver  circuit  box  with  a 
transceiver  cable  connector  and  a  trans¬ 
ceiver  cable.  When  they  are  assembled  and 
hung  from  the  coaxial  cable  on  the  wall,  it 
needs  a  much  space  to  be  installed  and  it 
looks  bulky.  In  a  contemporary  and  neat 
office  these  kind  of  a  over-size 
transceiver  units  are  often  seen  under 
desks  or  around  the  corner  of  the  room. 

The  newly  developed  transceiver  unit 
consists  of  a  coaxial  cable  tap  and  a 
transceiver  unit  which  includes  a 
transceiver  cable  termination.  When  these 
two  are  assembled  they  are  compact  and  make 
a  fine  configuration  suitable  for  a  modern 
office.  In  this  paper  the  assembled  unit 
of  a  coaxial  cable  tap  and  a  transceiver 
unit  with  a  transceiver  cable,  is  called  an 
active  transceiver  cable. 

The  outer  dimensions  of  the  active  trans¬ 
ceiver  cable  are  much  smaller  than  that  of 
the  traditional  one.  In  order  to  realize 
the  new  active  transceiver  cable  unit,  two 
important  technologies  were  necessary. 

They  were  a  small  transceiver  module  and  a 
PVC  injection  molding  technique.  In 
Figure  1  the  new  transceiver  cable  and  its 
installation  method  are  shown  in  comparison 
with  the  traditional  one. 


Transceiver  Module 

The  outside  view  of  the  new  small 
transceiver  module  and  its  principal 
dimensions  are  shown  in  Figure  2  and  Table 
1  respectively.  All  transceiver  circuits 
shown  in  Figure  3  are  packed  densely  in 
the  module.  As  standardized  by  IEEE802.3 
and  illustrated  in  figure  3  the  module 
has  the  following  functions. 

( 1 ) Transm i t t ing  signals  to  medium 
The  module  receives  differential  signals 
from  data  terminal  equipment  with  the  DO+ 
terminals  and  sends  out  signals  to  a 
coaxial  cable  by  the  driver.  Among  the 
signals  it  receives;  negative  signals 
having  a  pulse  width  less  than  7  ns, 
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Figure  1.  New  Active  Transceiver  Cable  and 
its  Installation  Method 


Figure  2.  New  Small  Transceiver 
Modu  1  e 


positive  pulse  signals  having  a  pulse  width 
160  ns  and  above,  and  signals  having  their 
peak  level  less  than  -175  mV  shall  be 
eliminated  by  a  noise  Filter  circuit. 

(2) Receiving  signals  from  medium 
Signals  received  From  the  tap  will  be 
transmitted  to  a  differential  line  driver 
through  an  amplifying  circuit  and  a 
filtering  circuit.  At  this  time,  the 
signals  are  compared  with  the  reference 
voltage  by  the  carrier  detector  and  only 
good  signals  are  transmitted  to  the  driver. 
Then  the  signals  are  sent  out  to  data 
terminal  equipment  through  a  pulse 
transformer  from  the  DI+  terminals. 

(3) Collison  detection 

During  transmission  the  module  will  detect 
a  collision  in  the  medium  when  other 
workstations  on  the  network  start 
transmitting.  Signals  received  are 
compared  with  the  collision  detecting 
reference  level  and  if  they  are  found  below 
the  reference,  10  MHz  collision  signals 
will  be  sent  out  to  a  data  terminal  from 
the  terminal  CI+  through  a  differential 
line  driver  and  a  pulse  transformer. 

(4)  Jabber  control 

In  order  to  protect  the  medium  from  an 
extraordinarily  long  message,  the  jabber 
time  controller  monitors  the  D0+  operation 
and  detects  transmitting  signal 
i r regura 1 i ty .  It  stops  transmitting  when 
an  active  state  of  the  transmitting  driver 
lasts  over  26  ms  of  jabber  time. 

(51SQE  test 

The  module  makes  a  signal  quality  error 
test  at  the  end  of  a  transmission.  At  this 
time,  10  MHz  signals  will  be  sent  out  from 
the  CI+  terminals. 

As  noted  in  table  1  the  transceiver 
module  is  very  small.  In  order  to  make 
the  smal Lest  module,  the  following  two  key 
techniques  played  an  important  role. 


Table  1  Principle  demension 


Description 

Dimension 

Outside  dimension 

Plastic  mold:  34x36x13  mm 

Number  of  pins 

24  pins 

Power  supply 

10-16  V  150  m A 

Dielectric  strength 

AC  500  V  1  min. 

Transmitting  output 

1.8  V  p-p 

Receiving  differential  output 

♦700  mV 

Collision  detecting  DC  level 

-1.56  V 

SQE  test 

Possible 

( 1 )  A  regular  DC/DC  converter  of  this 
capacity  has  the  same  volume  as  the 
transceiver  module.  The  minimization  of 
the  volume  was  achieved  by  improving 
conversion  efficiency  and  by  eliminating  a 
noise  problem  caused  by  the  efficiency 
improvement , 

(2) When  all  the  devices  shown  in  figure  3 
are  mounted  using  the  existing  mounting 
method,  the  transceiver  module  will  become 
more  than  twice  the  volume  of  the  new 
module.  A  new  mounting  method  was  employed 
to  make  the  small  hybrid  IC  chip. 

Active  Transceiver  Cable 

The  active  transceiver  cable  has  on  its 
one  end,  a  plastic  molded  transceiver  unit 
which  makes  a  complete  shape  with  the 
coaxial  cable  tap  block.  And  it  has  a 
D-sub  connector  with  15  pins  at  the  other 
end.  The  whole  outside  view  is  shown  in 
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figure  The  transceiver  unit  including 

a  coaxial  cable  tap  is  shown  in  figure  5 
and  figure  6. 

Designing  considerations 

In  order  to  realize  the  small,  light¬ 
weight  and  one-body  configuration,  the 
following  items  were  taken  into  designing 
cons iderat ions : 

( 1 )  In  order  to  make  a  fine  outside  view, 
all  parts  are  arranged  to  make  the  unit  as 
thin  as  possible. 

(2)  In  order  to  be  stable  when  installed  on 
the  wail  or  floor,  the  back  of  the  unit  has 
been  kept  flat. 

( 3 )  In  order  to  make  the  tap  installation 
simple,  the  tap  block  is  separated  into  two 
parts  and  the  ground  probes  are  bedded  into 
one  of  the  halves. 

<4)To  keep  total  capacitance  of  the  tap  and 
active  circuitry  small,  the  distance 
between  the  female  tap  connector  and  the 
module  has  been  kept,  to  the  minimum. 

Structure  of  the  transceiver  unit 

As  shown  in  figure  5t  there  is  a  metal 
common  frame  in  the  molded  transceiver 
unit.  On  the  frame  there  are  a  transceiver 
module,  a  transceiver  cable  termination  and 
a  female  connector  of  a  coaxial  cable  tap. 
The  module  is  mounted  on  the  printed 
circuit  board  and  the  board  is  fixed  on  the 
frame  being  electrically  isolated.  The 
transceiver  cable  and  the  tap  connector  are 
connected  to  the  module  through  this 
c i rcu i t  board . 

Plastic  molding 

When  the  transceiver  module,  the 
coaxial  cable  tap  receptacle,  the 
transceiver  cable  and  the  power  source  LED 
light  are  fixed  on  the  frame  and  connected 
with  wires,  the  next  process  is  an 
injection  molding. 

Since  the  small  hybrid  IC  module  is 


Figure  4.  Active  Transceiver  Cable 

very  fragile,  the  plastic  molding  pressure 
must  not  be  loaded  on  this  module.  In 
order  to  protect  the  module  from  the 
injection  molding  the  following  techniques 
were  employed: 

( 1 ) Low  pressure  high  melt  flow  PVC  resin 
was  selected. 

l2)The  mold  was  designed  not  to  raise  the 
molten  PVC  pressure  at  the  final  stage  of 
the  injection.  The  location  of  the  gate 
was  carefully  studied  not  to  load  the  high 
pressure  directly  on  the  modulo. 

( 3 ) The  module  is  protected  againt  the 
pressure  and  sealed  not  to  allow  the  high 
pressure  resin  flow  inside  by  a  box. 


Coaxial  Cable  Tap 

The  coaxial  cable  tap  is  shown  in 
figure  T.  It  consists  of  the  two  halves 
of  the  tap  block.  The  center  conductor 
probe  and  ground  probes  protruding  into  the 
cable  gripping  hole  are  attached  on  one 
side  of  the  half.  The  back  of  the  center 
conductor  probe  is  a  male  tap  connector 
which  is  connected  to  the  female  one  ol  the 
transceiver  unit. 

After  checking  the  cable  gripping  force 
and  testing  the  tapping  for  repeatability, 
the  outer  dimensions  of  the  tap  block  were 
decided  so  it  would  fit  in  the  upper  groove 
of  the  transceiver  unit.  The  outside 
surface  of  the  tap  block  was  then  covered 
with  a  firm  insulation  coating. 


Reliability  Test 

Various  kinds  of  tests  were  carried  out 
to  confirm  long  term  stability  of  the 
transceiver  cable.  These  tests  and  their 
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results  are  listed  in  table  2.  The  test 
conditions  are  based  on  the  J1S  {.Japan 
Industrial  Standard)  testing  method  of 
electronic  components. 


Coaxial  Cable  Tap  Block 


Figure  B  .  Transceiver  Unit 


Figure  7.  Coaxial  Cable  Tap  Blocks 


Table  2  Reliability  tests 


Test  Types 

Condit ions 

Results 

Thermal  Shock  Test 

JIS  C7022  A-3 

100°c-»i)'c.5  cycles 

Passed 

Thermal  Cyclic 

Test 

JIS  C7022  A-4 

-25‘c-»25*  c-*05’c.5  cycles 

Passed 

Damp  Heat  Cyclic 
Test 

JIS  C7022  A-5  RH95% 

-lU'c  —  65'c  10  times(2  patterns) 

Passed 

Hecnanicai  ShocK 

Test 

JIS  C7022  A-8  3  times 

75  cm  drop  on  maple  wood 

Passed 

Vibration  Test 

JIS  C7022  A - 1 0 

100  —  2 . 000Hz,  10G,  6 hr s . C  x.y,:> 

Passed 

Non-stop  Endurance 
Test 

JIS  C7Q22  S-l 
"0'c  1.000  hrs. 

Passed 

Start-stop  Test 

JIS  C7022  5-2 

?0  min.on-»30  mm. off  1. 000  hrs 

Passed 

High  Temperature 

Test 

JIS  C7022  5-3 

80' c  1,000  hrs. 

Low  Temperature 

Test 

JIS  C7022  9-4 
-30' c  1.0 00 hrs. 

Passed 

Humidity  Test 

JIS  C7022  B-5 

40*c,RH90?6 .l.dOOhrs. 

Passed 

Coaxial  Cable  and 
Tap  Bending  Test 

±90  degree.  10  times.  r=100  mm 

Passe: 

Connection  and 
Disconnection  Test 

central  conductor  probe  and 
ground  probe,  100  times 

International  Wire  £  Cabi<  ; 


Installation  Procedure 

The  installation  procedure  of  the 
coaxial  cable  tap  is  shown  in  figure  8. 

The  coaxial  cable  is  gripped  with  a  tap 
block  by  a  bolt  and  the  cable  is  drilled  by 
the  tap  block  attaching  tools.  The 
connector  plug  is  screwed  into  the  tap 
block  and  the  tap  block  is  fixed  to  the 
transceiver  unit  firmly  by  two  bolts.  The 
whole  installation  job  is  finished  in  just 
a  few  minutes. 


Conclus i on 

A  new  type  of  transceiver  unit  for  LAN 
has  been  introduced  and  complies  with 
standard  IEEE802.3.  The  new  active 
transceiver  cable  has  a  transceiver  unit 
including  a  coaxial  cable  tap  at  one  end 
and  a  D-sub  connector  at  the  other  end. 

The  outer  dimensions  of  the  transceiver 
unit  including  the  tap  block  and  the 
transceiver  cable  termination  are  about 
half  of  the  smallest  existing  transceiver 
unit.  The  transceiver  unit  has  a  small  and 
fine  conf igura t i on .  Its  convenience  makes 
it  very  useful  in  any  modern  office. 
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8.1  Tap  blocks  and  coaxial  cable 


8.2  Drill  the  coaxial  cable 


8.3  Connector  plug  is  screwed  into  the 
block 


8.4  Transceiver  unit  and  tap  block 


8.5  Tap  black  is  fixed  to  the  transceiver 
uni  t 

Figure  8.  Installation  Procedure 
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